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1.3 


Table A List of scientific terms, concepts and principles used in Unit 7. 


Introduced in earlier Units, | ] 

or assumed from general Introduced or developed 
knowledge (GK) Unit in this Unit Page 
charge 6 ammeter 15 | 
charge separation by rubbing | 6 ampere A 5 
chemical energy GK battery 23 
conservation of energy 3 capacitance 13 
coulomb C 6 capacitance of parallel plate 
Coulomb force 6 capacitor 13 
dielectric constant 6 capacitor 12, 13 
electric field 6 cell ap 
electric potential 6 circuit 4 
electron GK. 6 |electric current 4 
electronvolt 6 electric power 8 
electric charge 6 electrode 21 
electrostatic potential energy | 6 electrolyte 21 
exponent notation, i.e. y* GK e 19 
force 3 exponential process 7 
gravitational potential energy | 3, 4, 6 farad F 13 
insulator 6 internal resistance 22 
internal energy 3 ion 4 
joule J 3 kilowatt hour kWh 9 
kinetic energy 3 Kirchoff’s laws 9 
molecule 1 Ohm’s law 7 
neutron GK ohm Q 7 
nucleus GK parallel plate capacitor 13 
permittivity 6 parallel resistances 10 
potential 6 resistance Gi 
potential energy 3,6 resistor 8 
power 3 series resistances 10 
volt V 6 time constant 19 
voltmeter 6 

watt W 3 


Study guide 


This Unit is sandwiched between two much longer Units in the electromagnetism 
Block and has deliberately been kept short, at no more than 60% of a normal Unit 
load. 


You should aim to finish this Unit in about a week and press on immediately with 
Unit 8, which is about 40 % longer than the average Unit. 


It contains two major Sections, each of which should involve about two hours’ work. 
Embedded within Section 3 is a home experiment, the results of which are used 
within the text. Do make every effort to complete this experiment: it will give you 
practice in electrical measurements, it should clarify the concepts in Section 3 and it 
will serve as an introduction to one of the Summer School experiments. 


The associated TV programme is about the physics of lightning. It may be viewed at 
any point during your study of the Unit. 


This Unit is rather different in nature from those that have preceded it, being essen- 
tially practically based. The Section on capacitance contains the only major new 
concept. In physics we must combine the experimental and the theoretical view- 
points. The Course Team hopes that this practical interlude refreshes you for the 
next stage in the development of the theory. 


2.1 


Introduction 


Unit 6 was exclusively concerned with static distributions of charge. In this Unit, 
charge will be allowed to move. As yet we aren’t prepared to give it liberty to wander 
completely freely—that must wait until the next Unit—but it will be allowed to 
depart from the static patterns we have considered so far and move through carefully 
designed conducting paths, which are called electric circuits. 


Our initial emphasis on electrostatics follows historical precedent. The era of 
electromagnetism as an experimental science is generally regarded to have begun in 
1600 with the publication by William Gilbert, Queen Elizabeth I’s physician, of his 
De Magnete*, a treatise on magnets and electrified bodies. During the 17th and 18th 
centuries a large body of experimental data on both static electricity and magnetism 
was amassed as scientists groped towards an understanding of the various electric 
and magnetic phenomena. However, because of the absence of data on electric 
currents, no coherent theory of electromagnetism emerged. (Such a stage occurs in 
the early development of many major new theories: the data show glimpses of 
structure and consistency, but the overall ‘master plan’ remains tantalizingly hidden. 
You will recognize this stage in the development of quantum theory when you read 
Unit 13.) But early in the 19th century, a method of obtaining sustained and appreci- 
able currents was devised. This technical advance was the key that unlocked the 
secrets of both electromagnetism and, more surprisingly, chemistry. 


Electric currents, the forces between currents and the magnetic effects of currents are 
at the heart of electromagnetism. This alone is a good enough reason to study them. 
In addition, the use of currents flowing along wires to transmit energy for domestic 
and industrial purposes has profound effects on everyday life. 


To understand many household electrical devices, it is only necessary to learn a few 
simple rules of circuit analysis and these will be the underlying preoccupation of the 
central part of this Unit. At Summer School you will be able to put these principles 
to practical use and build a small radio receiver. 


This Unit therefore has a two-fold aim. First, it establishes the basic definitions of 
electric currents as a background for the treatment of electromagnetism in Unit 8. 
Secondly, it discusses the behaviour of currents in circuits and introduces some 
important circuit components. Let us start with some basic definitions. 


Current, circuits and resistance 


Basic definitions 


The electric current is the rate at which charge is transferred, and it is represented by 
the symbol i. For example, if q units of charge go from A to B in t seconds, the average 
current i from A to B is 


net charge transferred 


average current 


time taken 


i=q/t a) 


To cater for situations in which the current is not constant, we can modify equation 1 
to define an instantaneous value of the current. For a wire, this is the rate at which 
charge passes through a plane perpendicular to the axis of the wire. If a net charge 
of Aq crosses the shaded area in Figure 1 in a time At, the instantaneous current is 


cmrenti e = 


d 
È <4 in calculus notation (2) 


instantaneous limit (5) 
dt 


You will notice that so far we have not explicitly stated what is carrying the current. 
In normal circumstances, there are two possible mobile charge carriers: ions and 
electrons. Tons (atoms with either an excess or deficiency of electrons) are by no 


* The full title of this volume demonstrates the breadth of Gilbert’s investigations. It is 
De Magnete, Magnetisque Corporibus et de Magno Magnete Tellure; Physiologia Nova, 
Pluribus et Argumentes et Experimentis Demonstrata. 


circuit 


electric current 


i = dq/dt 


Figure 1 The instantaneous current 
along a wire is defined as the net rate at 
which charge passes through an area 
perpendicular to the axis of the wire. 


ion 


means uncommon. They exist in many chemical solutions (Figure 2), in certain 
solids, in plasmas and in the Earth’s upper atmosphere. Ionic conduction can be very 
important. For example, the messages in nerve cells are carried by pulsing currents 
of Na+, K* and Cl” ions. However, this Unit will be concentrating on the currents 
flowing in metal wires, and in a metal the ions are relatively immobile, fixed in a 
regular array known as a lattice. Metal ions are always positive, being formed from 
atoms that easily lose one or more electrons. These ‘free’ electrons wander through 
the ion lattice (Figure 3), and it is the motion of these negative charges that gives 
metals their conducting properties. In insulators (e.g. glass or plastic), there are no 
free electrons and current cannot be passed through such materials. 


® ® ® © ® 


ge mobile negatively 
\ Í charged free electrons 


immobile positively 


| 5 charged ions 


© ® ® ® © 


Because the current in metals is carried by negatively charged electrons, there is a 
slight complication in defining the direction of a current in a wire. The negative sign 
of the electronic charge is the result of an arbitrary choice made by Benjamin Franklin 
in the eighteenth century between the ‘two types of electricity’. The consequence of 
his choice is that a positive current flowing in a certain direction in a wire corresponds 
to a flow of electrons in the opposite direction. Fortunately, it is only when considering 
the microscopic aspects of currents that this anomaly becomes important. When 
indicating the direction of the current flow on a circuit diagram, we simply show the 
direction in which positive charge would flow, and bear in mind that the current is 
produced by electrons moving in the opposite direction. 


The unit of current, the ampere, takes its name from André-Marie Ampère, a French 
scientist of the early 19th century. In the SI system of units, the ampere (usually 
abbreviated A, or amp) is the fundamental unit of electromagnetism, and the unit of 
charge, the coulomb, is derived from it. In the next Unit, we will define the amp in 


terms of an effect discovered by Ampére. For the moment, it is quite correct to say 
that 


1 ampere = a charge flow of 1 coulomb/second 


3 
tA IOS: 6) 


The magnitudes of the currents involved in some common phenomena and devices 


are shown in Figure 4. 
ACES f 
mg 
= O 


car electrics 
~ 10 amps 


light meter 
~10° amps 


light bulb 
~ | amp 


lightning 
~10° amps 
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Figure2 When salt, NaCl, is dissolved 
in water, it splits up into Na* ions and 
Cl” ions. The sodium ion is a sodium 
atom minus one electron, and the chlorine 
ion is a chlorine atom with an added 
electron. These ions move through the 
liquid in response to an electric field. 


Figure 3 A schematic view of the crystal 
structure of a metal. The positive metal 
ions exist on a rigid lattice. Each atom, 
on forming an ion, gives up one or more 
electrons, which are then free to wander 
through the crystal. 


ampere A 


Figure 4 The orders of magnitude of the 
currents involved in a variety of processes. 


2.2 


Why currents flow 


In an isolated wire there is no net charge flow. The ions are immobile and the free 
electrons move randomly past the ions. Yet we know that it is possible to arrange for 
there to be a net movement of electrons towards one end of the wire. How is this 
done? 


The simplest answer follows from energy arguments. Electrons will flow from A to B 
in a wire if, by so doing, the potential energy of the system is reduced. Because 
electrons have such a small mass, the amount of gravitational energy involved is too 
small for gravitational forces to cause electrons to settle at the lowest point of a wire. 
It is the electrostatic potential energy that is important here (Figure 5). If some means 
is found of arranging for electrons at A to have a higher electrostatic potential energy 
than at B, electrons will tend to flow from A to B. To maintain this current it is, of 
course, necessary to replenish the ‘store’ of electrons at the higher potential energy 
end of the wire and we will see later in the Unit how this may be achieved. 
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ae 
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electrons move to lower potential energy 
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direction of 
conventional current 


You may find helpful the analogy between the flow of water in a pipe and the flow of 
charge in a wire (Figure 6). Water flcws along the pipe when there is a height differ- 
ence (and therefore a gravitational potential energy difference) between the ends of 
the pipe. In terms of forces, it is the weight of the water—the gravitational force 
acting on it—that pushes the water along the pipe. Similarly, current flows in a wire 


height 
difference : 
F = weight 


Figure 5 Electrons will move along a 
wire from A to B if there is a consequent 
reduction in electrostatic potential energy. 


F = charge X electric field 


© 
| E 
electron motion conventional 
current 


(a) 


if there is an electrical potential difference between the ends of the wire: each electron 
experiences an electric field that pushes it along the wire. 


Although it is dangerous practice to rely on argument by analogy, the comparison 
can be taken a little further. When water flows along a pipe, there are inevitably 
frictional losses. The water does not leave the pipe with kinetic energy equal to the 
gravitational potential energy it has lost. Some of the energy is transformed into 
heating both the pipe and the water. Similarly, electrons do not steadily accelerate 
from one end of the wire to the other. They frequently ‘collide’ with the ions past 


+ <— potential ——> = 
difference 


battery 


(b) 


Figure 6 The analogy between the flow 
of water and the flow of charge. When 
there is a height difference between the 
ends of a pipe, the weight of the water 
forces water to flow along the pipe. When 
there is a potential difference between the 
ends of a wire, the electric field pushes the 
electrons along the wire. In both cases 
kinetic energy is lost in collisions, and 
water and wire become warmer. 


2.3 


which they are moving and lose kinetic energy. This energy loss manifests itself as a 
rise in the temperature of the wire. In fact, the average speed with which electrons 
drift along a wire in response to a typical potential difference is surprisingly small, 
no more than a few millimetres per second.* The ‘frictional losses’ in a wire are the 
basis of electrical resistance; this is the subject of the next Section. 


SAQ 1 (a) Calculate the loss of electrostatic potential energy of an electron 
that moves through a potential difference of one volt. (Consult the list of 


constants or the back cover to find the value of the electronic charge.) 


(b) Ifall the potential energy lost were converted into kinetic energy of the 
electron, at what speed would the electron be moving? (The value of m, is also 
quoted on the back cover.) 


(c) Is your answer to (b) a realistic estimate of the actual speed of an electron 
in such circumstances? 


Ohm's law and resistance 


Within certain limits, the rate at which water passes through a pipe is proportional 
to the difference in height between the ends. In 1827, a German school teacher, Georg 
Simon Ohm, found an equivalent relationship for charge flow in metal wires: the 
current i through a wire is proportional to the potential difference V between the 
ends of the wire** 


ie. icy (4) 
This relationship is usually written in the form 


V =iR (5) 


and is known as Ohm’s law. The constant of proportionality R is known as the 
resistance of the wire and, not surprisingly, the unit of resistance is the ohm (often 
abbreviated by the single Greek capital letter ‘omega’, Q). 


1 ohm = 1 Q = 1 volt ampere ' (6) 


Ohms law is often misunderstood. It is not a fundamental law of physics to be re- 
garded in the same way as, for example, Newton’s second law (F = ma). It is merely 
an empirically tested and useful relationship which is obeyed by most metals in 
normal circumstances. It is not obeyed by all materials or by all components in 
electrical circuits (Figure 7). à 


electrolyte resistor ‘diode 


current 
current 
current 


> > 
potential difference potential difference potential difference 


(a) (b) (c) 


Short fat pipes carry water more easily than long thin pipes. Similarly, short fat 
wires carry current more easily than long thin wires. In general, therefore, the 
resistance of a wire is determined both by its geometry and by the material from 
which it is made. 


SAQ 2 A torch bulb is connected across a 1} volt battery. If the current 
through the bulb is 0.3 amps, what is the resistance of the filament? What 
current will be drawn from the battery if a bulb of half the resistance replaces 
the first one? 


* This drift really is very slow compared with the random motion of the electrons. The 
average random speed of electrons in a metal at ordinary temperatures is typically 10° ms~!. 


** Tt would be more logical to denote potential difference by AV. However, this is not common 
practice and this Unit follows convention by using the single symbol, V. 
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Ohm’s law 
resistance ohm Q 


Figure 7 Ohm’s law is not a funda- 
mental law of physics. Current versus 
potential difference graphs are shown for 
(a) an electrolyte, such as salt water, 
through which a current is passed via two 
dissimilar metal electrodes (electrodes 
and electrolytes are discussed in Section 
3.3), (b) a resistor, and (c) a rectifier diode, 
a device that only passes current in one 
direction. Only in the case of the resistor 
is the current directly proportional to the 
potential difference. 


2.4 


Power in electric circuits 


When a current is flowing in an electric circuit, the charge is moving to positions 
where its electrostatic potential energy is lower. There is a loss of electrostatic poten- 
tial energy. The rate of loss is easily found. If Ag units of charge flow through a circuit 
across which there is a potential difference V, then there is a change in potential energy, 
AE given by 


AE,, = Aq x V (7) 
This follows directly from the definition of potential. You should recall from the 


definition of the volt given in Unit 6 that if Ag is measured in coulombs and V in volts, 
then to satisfy equation 7 the units of AE,, must be joules. 


In Unit 3, power was defined as the rate at which energy is transferred, 
AE 


2 8 
power N (8) 


and the unit of power, the watt, is equal to one joule per second. 
In the electrical case, substituting from equation 7, 


AE., _ Aq 
= oN: 


power = 


But the rate of transfer of charge, Aq/At, is simply the current i, with one amp equal 
to one coulomb per second. So, 


If i is measured in amps and V in volts, then the power calculated from equation 9 
will be in watts. 


Of course, the ‘lost’ energy AE,, does not just disappear. That would contravene the 
principle of conservation of energy. Instead, it is transformed into some other form 
of energy, the type depending on the design of that part of the circuit. The simplest 
form of circuit is a single resistor. A resistor, as shown in Figure 7b, is a circuit element 
that obeys Ohm’s law. Often it takes the form of a piece of carbon or metal, with 
dimensions tailored to give the required resistance (Figure 8). In this situation the 
electrostatic potential energy is ultimately converted into internal energy: the 
electrons are accelerated by the electric field, gaining kinetic energy; this energy is 
subsequently lost in collisions with the ions in the lattice, setting the ions into 
vibration. In Unit 11 we discuss how the vibrations of solids are identified with 
internal energy and temperature. 


insulating 
protective 
cover 


[S petua l\ 
andang // 


contact strong spiral of conducting 
lead ceramic carbon film 
substrate 


A current i is passed through a resistance R. Using Ohm’s law, find a way of 
expressing equation 9 for the electric power dissipated in the resistor in 
terms of į and R. Do try this question before reading on. 


A simple substitution is all that is needed. Equation 9 is: power = iV. But 
V = iR and so, substituting for V, 


power = i*R (10) 
Alternatively substituting for i, 
power = V?/R (11) 


electric power 


resistor 


Figure 8 A resistor with part of the 
insulating protective cover removed. 


2.5 


The Electricity Boards charge their domestic customers for the amount of electrical 
energy they use. This is just the product of the power and the time. The Boards do 
not use SI units, and bills are written in terms of kilowatt hours (kWh) rather than 
joules. 


1 kWh = 1 kilowatt x 1 hour 
= (10° watts) x (3 600 seconds) 
= 6 X I0 


SAQ 3 A kettle uses 2kW of power when plugged into the mains. If it 
takes 3 minutes to boil 1 litre of water, and electricity costs 4p per kWh, 
estimate the cost of the electrical energy used to make a pot of tea. 


SAQ 4 Ifan electric light bulb is rated at 100 W, 240 V, what current does 
it draw? What is the resistance of the filament? 


Series and parallel resistors 


When your radio stops working, one glance inside the cover will probably convince 
you that expert help is called for. Many electronic systems are indeed dauntingly 
complex and specialized knowledge and equipment are needed to design or test 
them. However, quite a number of circuits, such as the wiring in a house or a car, 
contain only a few circuit elements and can be analysed on the basis of fairly rudi- 
mentary knowledge. This Section looks at one of these important circuit elements, 
the resistor, and examines the two ways in which resistors may be combined. 


All circuits, irrespective of their complexity, adhere to the two principles summarized 
in Figure 9. These principles are known as Kirchoff’s laws. If the first of these laws did 
not hold it would be possible to start from some point in the circuit where the elec- 
trical potential was known, and, having gone round the circuit adding up the potential 
differences, come back to the same point and find it had a different potential. Clearly 
this is impossible. Similarly, the second law could only be violated if charge were 
created or destroyed at the junction. 


E LAW 1 LAW2 


i, + igp=ic 


At a junction of two or more 
The sum of the potential changes wires, the current flowing into 
around a circuit add up to zero the junction is equal to the 

current leaving the junction 


a SIS 


The simplest resistor circuit consists of a source of electrical energy, such as a battery, 
and a single resistor (Figure 10). By convention, these are represented by the symbols 
shown in the Figure. The longer line in the battery symbol represents the positive 
terminal, the one where the electrical potential is higher. In analysing the battery- 
resistor circuit, we shall assume that the battery has no resistance and maintains a 
potential difference of V between its terminals, irrespective of the current it supplies. 
The connecting wires are assumed to have zero resistance. Neither of these assump- 
tions will ever be completely true, but usually the error involved will be small. For 
this circuit the current flow is anticlockwise. Applying Kirchoff’s first law, 


Figure 9 Kirchoff’s laws. 


V + Vr= 
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kilowatt hour kWh 


Kirchoff’s laws 


+ | — — battery 
H 


"eS 
V 


resistance R 


Vr 


Figure 10 A simple circuit consisting 
only of a battery and a resistance R. The 
current i is maintained by the potential 
difference V across the terminals of the 
battery. A potential difference Vz develops 
across the ends of the resistor. 


But from Ohm’s law, 


the minus sign indicating that the voltage drops in the direction of current flow 
through the resistor. Thus 


V =iR 


which allows the current i in the circuit to be calculated if the battery voltage V and 
the resistance R are known. 


In analysing more complicated circuits, it is often useful to be able to return to a 
simple equivalent circuit like that of Figure 10. As an example of this approach, 
consider a circuit in which there are two resistors rather than one. 


R, Rep = Ri + R 


Vo Vi» 


The two resistors may be placed in a line so that the same current goes through each 
(Figure 11). In this arrangement the resistors are said to be in series. From Kirchoft’s 
first law, the sum of the potential differences around the circuit going in an anti- 
clockwise direction must be zero, 


ie V +V, + =0 (12) 


Using Ohm’s law for the two resistors (V, = —iR,, etc., where the minus sign again 
indicates a potential drop across the resistor) equation 12 can be rewritten as 


V —iR; iR, =0 


or V =iR, + iR, 

i(R, + R3) (13) 
A comparison with the equation for a single resistor, V = iR, shows that the effective 
resistance R. of the pair of resistors in series is equal to the sum of their individual 
resistances: 


Reg = Ry + R2 (14) 


With this equation the current through the circuit may be calculated by using the 
effective resistance in the equation V = iR,g. 


Instead of being in series, the resistors may be placed side by side (Figure 12). When 
their ends are connected to the same points in the circuit like this the resistances are 
said to be in parallel. Again the two resistances can be replaced by a single effective 
resistance. 


——S 
V 
= ti=i+i 
1 Iene 
Rep = Ri + R 


Using Kirchoff’s second law, find an expression for the effective resistance 
R. in terms of the individual resistances R, and R,. Do try this question 
yourself before reading on. 


Applying Kirchoff’s second law at either point A or point B in Figure 12, 


P= Fk (15) 


10 


Figure 11 Series resistances: the battery 
would supply the same current if R, and 
R, were replaced by a resistor with 
resistance Rg = R, + R2. 


series resistances 


parallel resistances 


Figure 12 Parallel resistances: 
resistances R, and R, are equivalent to 
an effective resistance R, that is given 
by 1/Reg = 1/R, + 1/R2.- 
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When the battery potential difference V is placed across the effective resistance 
Reg, the current is given by 


Reg 


Similarly the currents i, and i, are produced with the same potential difference 
V across R, and R, respectively. Therefore, again using Ohm’s law 


es sae 
Le and b= Re 
1 2 


With these expressions for the currents, equation 15 can be rewritten as 


Ve z V 
Rep R, R, 
Dividing by V gives 
1 = 1 a 
Rep R, Rp 


This may be written in the form 


Reg = PR 
R, + R2 


but equation 16 is usually easier to remember and to use. 


These derivations may be generalized for any number of resistors in series or parallel 
to give the following expressions: 


Series resistances Rog = Ry + Ra + R3 +... 


zii a7 
Re R Ro Ro 


Parallel resistances 


SAQ 5 If you were given three 10 Q resistors, how many ways could you 
combine them, and what effective resistances could you build into a circuit? 


SAQ 6 In building a circuit, an electronics designer needs resistances of 
5 000 Q, 2000 Q and 900Q, but only has available 1 000 Q and 10000 Q 
resistors. How can the designer combine these most efficiently to achieve the 
necessary values? (Resistors have tolerances of +5 % in their value and so the 
designer will be happy to achieve the required values to within +5 AA 


SAQ 7 A voltmeter has a resistance of 10 MQ. It is used to measure the 
potential difference across a 100 KQ resistor through which, in the absence of 
the meter, a current of 100 pA* is passing. When the meter is connected across 
the resistor, the total current remains at 100 pA but a fraction of the current 
flows through the meter rather than the resistor. (a) Calculate the reading 
on the meter. (b) Why should voltmeters have very high resistances? 
(c) Why should ammeters, which are connected in series with a circuit to 
measure the current, have low resistances. 


Sources of electric current 


Introduction 


In Section 2.2 it was stated that for a current to flow there must be an electrostatic 
potential energy difference to drive the charge through the circuit. This Section will 
examine a number of ways in which such an electrostatic potential energy difference 
may be established. 


* The prefix ‘p (micro) denotes a factor of 10°. 


11 


3.2 


Historically, the first method of producing a potential difference was by using 
mechanical energy to separate positive and negative charges, and for a considerable 
time rubbing was the only known way of producing charge separation. The rubbing 
techniques did, However, achieve considerable sophistication, and electrical experi- 
mentation became quite a fashionable pursuit (Figure 13). 
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A further significant advance towards the development of a source of current was 
made when Professor Pieter van Musschenbroek of Leyden University demonstrated 
a method of storing charge. His device, which became known as a Leyden jar, is 
illustrated in Figure 14. This jar was the first version of what would now be called a 
capacitor. Capacitors are extremely important components of many electrical 
circuits. 


water 
— metal foil 


conducting 


glass wires 


insulator 


(a) (b) 


In Sections 3.2—3.2.2 we will explain how capacitors store charge and electrostatic 
potential energy. Then in Section 3.2.3 you will investigate for yourself how the 
current from a capacitor varies with time. This will lead to a discussion of exponential 
decay processes, which are important in many areas of science. Finally, we will 
discuss batteries, which are another important source of current. We will postpone 
until Unit 8 a discussion of how the varying current from the mains electricity supply 
is produced. 


Capacitance and stored energy in electric fields 


In Unit 6 you saw that when charge is placed on a body, an electric field is produced 
in the region around the body. This electric field in turn makes it harder to place more 
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Figure 13 A painting of an electrical 
machine constructed by Otto von 
Guericke in 1666. The sulphur ball at the 
right was rotated at high speed and 
rubbed with a cloth or dry hands. The 
sulphur ball, an insulator, acquired an 
electrostatic charge: when anyone 
approached the charged ball, they 
experienced a tingling sensation and 
noticed crackling noises and even sparks. 
Von Guericke was the burgomaster of 
Magdeburg in the early 17th century. He 
is probably best remembered as the man 
who devised the spectacular ‘Magdeburg 
hemisphere’ experiment in which two 
hemispherical shells, held together by a 
vacuum, could not be separated by two 
teams of horses. 


capacitor 


Figure 14 (a) A Leyden jar in the 
Science Museum. (b) A schematic 
diagram of a Leyden jar. Following 
earlier work by another scientist, E. G. 
von Kleist, Musschenbroek found that a 
bottle partly filled with water and having 
a metal rod projecting through the neck 
could be charged from an electrical 
machine. When he held the jar in one 
hand and touched the rod with his free 
hand, he received a severe shock. In his 
report he referred to a ‘new but terrible 
experiment which I advise you on no 
account to repeat yourself’. Of course, 
people did. 


3.2.1 


charge of thesamesign on the body. Thus energy is required to establish any particular 
charge distribution, and this energy can be recovered by allowing charges of opposite 
sign to attract and neutralize each other. As the energy used in establishing a charge 
distribution is recoverable, it may be described as stored energy. 


Capacitance 


The potential of a body is related to the amount of charge residing on it. The more 
positive charge there is on a body, the more energy is required to bring up extra 
positive charge and deposit it on the body. When considering the relationships 
between the charge and the stored energy of the charge, it is convenient to introduce 
the new term—capacitance. The capacitance C of a body is the charge required to raise 
its potential by one volt. Since twice the charge will raise the potential of the body by 
twice as much, it is possible to define the capacitance of a body as the ratio of the 
charge on the body to the potential change that the charge produces. Thus 


: charge 
capacitance = ————— 
potential 


(18) 


In SI notation, the unit of capacitance is the farad (usually abbreviated to the symbol 
F). The unit is named in honour of Michael Faraday, who devised the electric field 
concept. The farad is defined as 


b 
fia 2 ea 


1 volt 


Many electrical circuits contain devices whose primary function is to store charge in 
the circuit. Such devices are called capacitors and, for most applications, their 
capacitance is in the range 100 pF to 1 pF*. The most frequently used form of 
charge storage device is the parallel plate capacitor, which consists simply of two 
parallel conducting plates, each of area A, separated by a thickness d of material with 
permittivity e (Figure 15). A charge of +g resides on one plate and a charge of —q 
on the other, resulting in a potential difference V between the plates. The derivation 


I 


separation d 


dielectric 


of an expression for the capacitance of this device is beyond the scope of this Course, 
so we will simply quote the result: the capacitance of a parallel plate capacitor is given 
by 

q &A 

C= vd (19) 
Thus the requirements for large capacitance are large plates, a small gap and a 
material with a high permittivity. To fulfil the first criterion and still keep the device 
compact, the plates are often made in the form of thin strips that are rolled up into 
cylinders (Figure 16). Materials of a special type (known as dielectrics) are used to 
separate the plates. Their important characteristics are high values of dielectric 
constant, together with high breakdown electric fields; this second criterion 
means that the capacitor plates can be much closer together than would be possible 
if they were separated by air. 


* The prefix ‘p’ (pico) denotes a factor of 10712 
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capacitance 


farad F 


capacitors 


parallel plate capacitor 


Figure 15 A schematic diagram of a 
parallel plate capacitor. 


capacitance of parallel plate capacitor 
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3.2.2 


dielectric 


S unrolled capacitor 


dielectric 


capacitor 


Energy storage in capacitors 


We have seen that a capacitor can be used to store charge, and this is equivalent to 
saying that a capacitor will store energy. Energy is required to push electrons onto 
an already negatively charged body and this type of energy is stored in a charged 
capacitor until it is recovered by letting some of the excess negative charge flow 
away, driven by the electrostatic force. The aim of this Section is to calculate the 
amount of energy stored in a parallel plate capacitor. 


We shall imagine the charging process as a sequence of steps, each of which transfers 
a charge Aq from the negative plate to the positive plate of the capacitor. Figure 17a 
is a schematic diagram of the capacitor as the first bundle of charge Aq is transferred. 


(a) (b) (c) 


z4 +q 
= = 
- = 
= + 
= + 
Aq z= + 
— + 
— + 
= ~- 
— + 
= + 
Sr —————SS 
V=0 finite potential V=q/C 


difference Vintermediate 


This transfer of charge requires no energy since there is no electric field between the 
plates to oppose the movement of the charge. Figure 17b shows the capacitor at some 
intermediate stage between the uncharged state of Figure 17a and the fully charged 
state of Figure 17c. In this case, energy is required to transfer the additional charge 
Aq. The energy is given by 


AE,, = (Aq) x (electrical potential difference between plates) 


This is equal to the area of the shaded strip in Figure 18. As each packet Aq of charge 
is transferred, the energy needed is equal to the area of the appropriate strip and, 
therefore, the energy required to charge the capacitor fully is equal to the sum of the 
areas of all the strips in Figure 18. This may remind you of a result that we derived in 
Unit 3, where we showed that the energy required to stretch a spring was equal to 
the area under the force versus extension graph. In the same way, the energy required 
to charge the capacitor is equal to the area under the potential difference versus 
charge graph. This triangular area is given by + x base x height, which is 


Eq = 44 x V = 4CV? = 447/C (20) 


(The second and third expressions follow from equation 18.) 
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Figure 16 A partially unrolled 
capacitor and an intact capacitor of the 
same capacitance. The two strips of 
foil and two strips of dielectric were 
arranged in a foil—dielectric—foil— 
dielectric sandwich before being rolled 
together. Each strip is approximately 
70cm long and 2cm wide. 


Figure 17 The process of charging a 
capacitor viewed as a sequence of 
transfers of a small amount of charge Ag. 
This leaves the capacitor with a charge 
—q on one plate, a charge +q on the 
other, and a potential difference V 
between the plates. The charged capacitor 
stores potential energy. 


3.2.3 


ay 


area = Aq X Vintermediate 


Vintermediate 


total area 
=tqxV 
= stored energy 


potential difference 


lq q 
charge on each plate 


Although this argument has been conducted in terms of a parallel plate capacitor, we 
have used no equations that apply exclusively to the parallel plate geometry. In fact, 
the only equation we used was V = q/C and so the equations for the energy required 
to charge the capacitor apply to all capacitors. 


SAQ 8 A sheet of mica (an insulator) is slid between the plates of an isolated, 
charged parallel plate capacitor. It just fits. The permittivity of mica is 5 £p. 
How does the potential difference between the plates change? How does the 
energy stored in the capacitor change? 


In certain applications, it is necessary to charge capacitors gradually from a low 
power source and then to discharge the capacitors rapidly, thus delivering high 
power for a short time. SAQ 9 illustrates this process. 


SAQ 9 Suppose that a number of capacitors, of total capacitance 1073 F, 
are charged to 1000 V using a 100 W supply. Calculate (a) the energy stored, 


(b) the time required to charge the capacitor system and (c) the average 
power output if the capacitors are discharged in 1 millisecond. 


The capacitor as a source of current 


The major part of this Section consists of a home experiment in which you measure 
how the current provided by a charged capacitor depends on time. The experiment 
should take about half an hour. 


Items required for the home experiment: 


power supply meter kit stopwatch 
component board with resistors and capacitor 
black connecting wire, 0.5 m long 


1 The component board is shown in Figure 19a. Connect up the circuit shown in 
Figure 19b. Plug the black lead from the component board into the negative terminal 
of the power output, and use the black wire to connect this terminal to the negative 
terminal of the ammeter. The ammeter is a device that measures the current flowing 
between its terminals. We will discuss how it works in Unit 8. 


2 Plug in the power supply and connect X to the positive terminal of the power 
output. Increase the variable voltage supplied by the power supply to a maximum by 
rotating the output level knob in a clockwise direction. The circuit is now as in 
Figure 19c, and the capacitor is being charged through the 100 KQ resistor to the 
voltage supplied by the power supply. 


3 After about half a minute, disconnect lead X from the positive terminal of the 
power output and connect it to the positive terminal of the ammeter. The ammeter 
should be on the most sensitive range. The circuit is now as in Figure 19d. Observe 
the variation of the current with time. 


4 Repeat the charging and discharging several times and, using your stopwatch, 
measure the variation of the current with time taking as time zero the moment at 
which connection to the ammeter is made. Enter your data in Table 1. To ensure 
repeatability you should allow the capacitor to charge for at least half a minute 
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Figure 18 The potential difference 
between the plates of a capacitor as a 
function of the magnitude of the charge 
on the plates. The total potential energy 
is equal to the area under the line, 

i.e. stored energy = 3qV 


Table 1 Variation of current with 
time for the discharging capacitor 


lead X 


red 


(a) re 


from power 


mains supply 


(not plugged in) 


ammeter 


input voltmeter 


lead X 
(not connected) 


red 


component 
board 


(b) 


lead X 


no connection 


potential difference 
source shown 
as battery 


== = curren f a 


ammeter no connection 


= == Seen E > 
vw — Fe vw 
100 kQ 100 uF 100kQ 100 uF 
(c) (d) 


between separate experiments, and you should try to be consistent in the time you 
take to swop lead X from power supply to ammeter. Your readings should span a 
time such that the current falls by a factor of about ten. 


5 Plot your results on the graph paper of Figure 20. 


If your experiment has been successful, you will have observed the current drop by 
a factor of ten over about 20 seconds, initially fairly rapidly and then more slowly as 
the current itself falls. Qualitatively, this behaviour is easy to explain. The capacitor 
acts as a reservoir of charge. The current is driven by the potential difference between 
the plates of the capacitor, which is proportional to the stored charge, since q = CV. 
As the current flows, the reservoir of charge empties and the potential difference 
falls. But it is the potential difference that is driving the current and so, as the stored 
charge decreases, the current also drops. 


16 


Figure 19 The home experiment. 

(a) The circuit board. You should use the 
central red and black leads with the 4mm 
plugs in this experiment. The other 
unused component on the board and the 
two other leads may be used in a future 
assignment. (b) The apparatus, showing 
electrical connections. The unused leads 
and the extra resistor on the board have 
been omitted from the Figure for clarity. 
(c) Circuit diagram for charging the 
capacitor. (d) Circuit diagram for 
measuring the current while the capacitor 
is discharging. 


current/pA 


time/seconds 


We will now translate these qualitative ideas into a mathematical analysis that is 
capable of the quantitative predictions required when designing circuits. The charge 
q stored on each plate of the capacitor is related to the potential difference V between 
the plates by the usual equation 


q=CV (eq. 18) 
The potential differences around the circuit in Figure 19d must add to Zero, 1.€. 
Vesrectine ale EREE = 0 (21) 


This analysis assumes that there is no potential difference between the terminals of the 
current meter. The meter in your kit has a sufficiently low resistance for this to be a 
reasonable assumption. Substituting for the potential differences of equation 21 
using Ohm’s law and equation 19 gives 


q ; 
=—iR=0 2 
ee. (22) 
The current i through the resistor is determined by the rate of change of the stored 
charge in the capacitor: i = —dq/dt. Equation 22 can therefore be written 
dq i 
———— 23 
a Re? (23) 


The rate of change of stored charge is proportional to the amount of stored charge 
precisely as predicted by the earlier qualitative analysis. 


> 


Processes of this sort, in which the rate of change of some quantity is proportional to 
the quantity itself, are relatively common, not only in physics but also in other 
disciplines. They are said to be exponential processes. A familiar example is radio- 
active decay: the number of nuclei disintegrating each second is proportional to the 
number of radioactive nuclei left. Because of the general importance of exponential 
processes, it is worth spending a little more time discussing the example of the 
exponential decay of the charge on a capacitor. 
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Figure 20 The decay of the current 
obtained by discharging the capacitor. 


exponential process 


stored charge/ uC 


0 2 4 6 8 10 
time/ seconds 


Figure 21 shows how the charge stored in a 10 uF capacitor varies with time after it 
is connected across a 250 kQ resistor. The curve obeys equation 23. This curve has a 
remarkable feature that may not be apparent at first; an example will illustrate this 
feature. Choose a time (any time) and read the value of the stored charge, q,, at that 
time from the graph. 

G; = — = pC 


Now read the value of the stored charge one second later, g,,,, and compute the 
ratio q:/q,+1- S 
h+1 = —____ je 


4/441 = ——— 


If you have been very accurate, you have just written down 1.49! Whichever starting 
time you chose, the value of q,/q,, ; remains the same: 1.49. This provides a way of 
expressing the dependence of the stored charge on time. At t = 0 the stored charge 
can be denoted by go, (Figure 22). After one second the stored charge is qy/1.49. After 


qo/ 1.49 


qo /(1.49)? agb wa 


stored charge/ uC 


qo/ (1.49 FH = 


--y;----t---S 


| 
—---f---= 

| 

| 

| 


| 


N 
A 


time/seconds 


two seconds the same argument leads to a stored charge of o/(1.49)?. After two and a 
half seconds, the stored charge is qọ/(1.49)%5, and so on. In general, after t seconds 
the stored charge is qo/(1.49)'. If your calculator has a y* function, check for yourself 
that the general expression fits the curve, i.e. check that 


initial stored charge 
(reduction factor per second)"™* 


q = o/(1.49)', or q = qo X (1.49) 


stored charge = 


Figure 21 The decay of the charge on a 
10 uF capacitor through a 250 KQ 
resistor. The initial potential difference 
across the capacitor was 10 V. 


Figure 22 The decay of stored charge. 
In each interval of 1 s, the charge 
decreases by a factor of 1.49. 


By choosing periods of two seconds and following through the same analysis it would 
be possible to show that the evolution of the stored charge with time could be written 
in the alternative form 


4 = Go(1.497) 7"? 
i.e. g= O 2 


If you are sceptical that this is the equation of the decay curve, insert an arbitrary 
value for t and check that it predicts the correct value for 4/4 in Figure 21. In fact, 
therearean infinite number of ways of representing the curve. Each involves a different 
period and therefore a different factor by which the stored charge is reduced. In 
exponential processes, physicists tend to use a slightly odd-looking representation 
that involves the number ‘e’: 


q = qe" (24) 


where t (the Greek letter ‘tau’) is called the time constant and is the time taken by q 
(or whatever is decaying) to fall by a factor e. There is nothing mysterious about ‘e’. 
It is just a number with the value 2.718 (to four significant figures). After a time 
t = 1, the stored charge is 


4 =e “ = qoe * = qo/2.718 


so the time constant t is the time required for the charge to fall by a factor of 2.718. 
The reason we use ‘e’ is that it allows equation 24 describing the time evolution of the 
stored charge to be simply related to equation 23 which describes the rate of change 
of the stored charge. Two simple calculations will show how this is done. First, 
evaluate the product RC for the decay shown in Figure 21. 


RE= seconds 


SAQ 10 Prove that the units of the product RC really are seconds (in SI 
units). (Hint: Use the equations V = iR and q = CV, which define R and C. .) 


Now from Figure 21, find the time the stored charge takes to fall by a factor e = 2.718 
from its original value of 100 uC. This time is the time constant z. 


— seconds 


The equality of RC and t is not a coincidence. By a little mathematics it is possible to 
show that they are exactly equal. This is because we chose to use the ‘e’ representation. 
The relationship between the rate of change equation and the time evolution equation 
is given below. 


d 1 
rate of change equation = =a q (eq. 23) 
= 
time evolution equation q = qọ e ‘/®© (25) 


The time constant is just the denominator on the right-hand side of the rate of change 
equation. In any exponential process this simple relationship holds. For example, a 
collection of N radioactive iodine nuclei will obey the following equations: 


dN 
rate of decay aoe N (26) 


and NN eo (27) 


In this case the time constant t is characteristic of the element concerned. The half- 
life of the element, T;,, (that is the time taken for half the atoms to decay), may be 
found by rewriting equation 27 in the form 


— = Noe Merl (28) 
and therefore Tip = t In 2. 


Returning to the interpretation of the home experiment, the current produced by the 
discharging 100 uF capacitor can be found by combining equations 23 and 25: 


time constant 
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d 1 
d RC RC 


—t/RC 


i= — doe 


Le. i = ige "PC where ip = qo/RC (29) 


ip is just the current that flows when the connection is first made (t = 0). So the 
current through the resistor obeys a similar exponential law to that obeyed by the 
stored charge. You can now use your data (Figure 20) to evaluate the time constant 
for a 100 pF capacitor and a 100kQ resistor. Because of the difficulty of taking 
readings just after the decay has started, you may find it easier to find t by measuring 
the time the current takes to fall by a factor e on a subsequent portion of the curve. 
Is t equal to RC? 


RC (calculated) 


S 


t (measured from graph) 


ll 


S 


How useful is a charged capacitor as a current source? Obviously, it cannot provide 
steady currents, but when a pulse of current is required it can be very useful. The 
length and power of the pulse can be tailored by varying both the resistance through 
which the current passes (the load resistor) and the value of the capacitor. 


For example, if your 100 uF capacitor was discharged through a 107 ' Q load, the 
time constant would be 10 us. If the capacitor was charged to a potential difference 
of 100 V, it would have an initial stored charge (q = CV) of 107 2 coulombs.* From 
equation 29, the initial current would have a magnitude of g/RC = 1 000A. So, the 
initial power would be Vi = 100 kW. Both V and i fall as the amount of stored charge 
falls. After 10 us (one time constant), both V and i would be reduced by a factor of e; 
the power (given by the product of V and i) would therefore be reduced by a factor 
of e?, to about 12 kW. 


Clearly, large powers are available, even if only for a short time. In TV8, you will 
meet an example of the use of capacitors to provide high power. The fusion experi- 
ments at Culham require very large amounts of power for short periods, so it is 
impossible to to drive these experiments directly from the National Grid. Instead, 
the Grid is used to charge large capacitor banks. The capacitors are then discharged 
very rapidly to provide the experimental power. The role of the capacitor bank is to 
boost the maximum power available by expending the energy over a very short 
period. 


The overriding objection to the capacitor as a current source is that the current decays 
with time. If a steady current source is required, some means must be found of 
replenishing the reservoir of charge driving the current. This could be achieved by 
the continual use of mechanical energy to separate electrostatic charge, but there is a 
much more convenient means of achieving the same end. That is the subject of the 
next Section. 


SAQ 11 A primitive spot-welding machine uses a 10° > F capacitor, which 
is charged to a potential difference of 100 V and then discharged through the 
two pieces of metal to be joined. The brief but large current melts the metal in 
the region of contact and the pieces fuse. If the resistance of the two pieces of 
metal is 0.1 Q throughout the operation, calculate (a) the initial stored charge, 
(b) the initial stored energy, (c) the initial current, (d) the initial power, (e) the 
time constant and (f) the power after 200 ps. 


SAQ 12 A flask of tritium (the radioactive isotope of hydrogen with two 
extra neutrons in each nucleus) contains 107° tritium nuclei at a particular 
instant. During the next second, 1.8 x 10+! of these nuclei decay. Given that 
the number of nuclei decaying each second is proportional to the number of 
tritium nuclei left, calculate the time constant for the decay, and write down an 
equation for the number of tritium nuclei left after time t. 


3.3 A familiar current source: the battery 


The first battery was built in Italy in the late eighteenth century by Alessandro 
Volta. It was the outcome of an unlikely chain of events that started with the observa- 
tions of another Italian, Luigi Galvani, who was a professor of anatomy at Bologna 


* Your 100 uF capacitor is only designed to operate at voltages less than 10 V. and would 
conduct if 100 V were applied to it. However, other capacitors are designed to work at 
100 V and above. 
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University. In 1780, he was dissecting a frog in front of a group of people when it was 
noticed that the legs of the frog had contracted. This appeared to coincide with a 
metal scalpel being held at a nerve centre and a spark being drawn from a nearby 
electrical machine.* In later experiments, Galvani was able to obtain the same effect 
merely by joining the nerve to the muscle via two dissimilar metals. Perhaps because 
of his background as a physician, Galvani interpreted his results as demonstrating 
the existence of ‘animal electricity’, originating in an ‘electric fluid’ in the nerves. 


Galvani’s work came to the attention of Volta, who was a physicist. As a result of his 
own experiments, Volta came to a different conclusion, namely that the source of the 
electricity was in the contact of the metals. He interpreted the role of the moist tissue 
as being secondary: all it did was complete the circuit. Although neither Volta nor 
Galvani was completely correct, Volta’s attempts to justify his assertions led to the 
first battery. He constructed various sources of current consisting of pairs of zinc 
and copper plates separated by either a salt solution or a weak acid. Figure 23 is a 
diagram taken from an account of his work that Volta sent to the President of the 
Royal Society in 1800. 


Figure 23 A number of ways by which 
Volta was able to produce a steady 
current. The ‘Crown of Cups’ at the top 
is the most similar to a modern battery. 
The liquid in the cups was brine and the 
cups were connected by strips with copper 
at one end and zinc at the other. The 
cups at the ends were made larger than 
the others, so as to accommodate a hand. 
In the eighteenth century there were no 
ammeters, and the only way of monitoring 
the electric effects involved administering 
an electric shock. Volta found that the 
severity of the shock depended on the 
number of cups in the line. 


Volta did not understand how his apparatus worked, commenting in one paper: 

‘This endless circulation or perpetual motion of electric fluid may seem paradoxical 

and may prove inexplicable, but is nevertheless real’. But his pessimism was ill- 

founded. It was soon noticed that the current was always accompanied by signs of 

chemical reactions between the metal plates (now known as electrodes) and the electrode 
liquid (which is referred to as the electrolyte). electrolyte 


To understand the action of batteries it is essential to understand the nature of an 
electrolyte. A familiar example of an electrolyte is water. A cup of water is not just a 
static heap of H,O molecules. First, the molecules are constantly and rapidly moving 
round inside the body of the liquid, repeatedly forming and breaking bonds with 
other molecules. Secondly, and crucially, at any one time a small number of molecules 
will have broken up into hydrogen ions and hydroxyl ions. This process is known as 
dissociation (Figure 24): 


water molecule ——— hydrogen ion + hydroxyl ion 


or H,O H* + OH” 


These ions are, of course, electrically charged and can therefore carry electrical 
current. The ions do not retain their identity for long, but soon collide with an 
oppositely charged ion and reform into a water molecule: there is a dynamic equi- 
librium, with molecules constantly being broken and reformed. This is indicated 
by the arrows pointing in both directions in the above equation. In water, this 


* Galvani was not in fact the first to make this observation. Similar work had been carried 
out as early as 1700, but, as is not unusual in science, this work had slipped into obscurity. 
Perhaps Galvani’s experiments would have met the same fate if it had not been for Volta. 
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pure water 


equilibrium exists with very few ions in the liquid (the ratio of dissociated to un- 
dissociated molecules is about 2 x 107°), and so pure water is a very poor conductor. 
To make an efficient electrolyte we must dissolve something in the water that will 
provide a greater concentration of ions. 


Figure 25 shows a schematic cell, similar to one unit of Volta’s ‘crown of cups’. A 
copper electrode and a zinc electrode are placed in a dilute solution of sulphuric acid, 


H,SO,. In this solution, H,SO, molecules dissociate into hydrogen ions and sulphate 
ions: 


H,SO, 2H* + SO} 


Once again the molecules are constantly breaking up and reforming but, in this case, 
the equilibrium exists with almost complete dissociation: at any one time, a large 
fraction of the sulphuric acid molecules are broken up into ions. So, dilute sulphuric 
acid is a good conductor of electric current. 


In the cell, the zinc and copper electrodes both react with the dilute sulphuric acid 
electrolyte. The zinc electrode is gradually dissolved by the acid, zinc ions entering 
the solution and combining with the sulphate ions to form zinc sulphate. The zinc 
electrode is left negatively charged through the loss of positively charged ions. At the 
copper electrode, hydrogen ions in the solution remove electrons from the copper, 
forming hydrogen molecules, which are released as tiny bubbles of gas. The copper 
electrode, having lost electrons, gains a positive charge. Taking the cell as a whole, 
the following reaction has taken place, 


Zn + H,SO, ————> ZnSO, + H, + energy 


The reaction produces energy that can be felt directly if you hold a test tube of dilute 
sulphuric acid and zinc. As the reaction proceeds and bubbles of hydrogen are given 
off, the test tube becomes warm. The chemical energy is turned into heat energy. In 
contrast, in the cell the energy is used to separate electrostatic charge, leaving the 
copper and zinc electrodes respectively positively and negatively charged. A poten- 
tial difference is created between the two electrodes and when the electrodes are 
joined by wire, a current flows. Immediately, further chemical reactions take place, 
providing energy to sustain the potential difference. In principle, this process will 
continue until the chemicals in the cell are consumed. So, the total electrical energy 
that a cell or battery can supply is limited by the chemical energy that can be released 
by reactions between the electrodes and the electrolyte. 


The maximum current that can be drawn from a cell is also limited. There are two 
factors responsible: (1) the resistance of the electrolyte, and (2) surface effects at the 
electrodes. Let us consider these factors in turn. 


1 When the cell provides a circuit with current, the same current flows through the 
electrolyte within the cell. This electrolyte has a non-zero resistance r, known as the 
internal resistance of the cell. We can take this into account by including the internal 
resistance r in series with the potential difference V produced by the cell, as shown in 
Figure 26. When the cell is connected to a resistance R, the current that flows can be 
determined by applying Kirchoff’s first law: 


V+V.+hk=0 or V—ir—iR=0 
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Figure 24 In pure water a small fraction 
of the water molecules split up into 
hydrogen and hydroxyl ions, H* and 
OH. If an electric field is applied across 
the water these ions, being charged, will 
move in opposite directions. 


dilute 
sulphuric 


Figure 25 A voltaic cell. At the copper 
electrode, hydrogen ions from the 
electrolyte combine with free electrons 
from the metal. At the zinc electrode, zinc 
ions combine with sulphate ions from the 
electrolyte forming zinc sulphate. As a 
result of these two reactions, : 
electrostatic charge separation occurs. 


Vee = V —ir 


Figure 26 The potential difference at the 
terminals of a cell is reduced because of 
its internal resistance r. 


From this we deduce that the current isi = V/(R + r), which is less than the current 
V/R that would flow if the internal resistance were zero. The effective potential 
difference V., across the terminals of the cell is 


Veg =VtV,=V—ir (30) 


This equation indicates that the internal resistance causes the effective potential 
difference produced by the cell to decrease as the current increases. 


As the cell is used, electrolyte is consumed, there are fewer ions to carry the current 
and the internal resistance of the cell increases. Eventually the potential difference 
between the terminals falls to a value that is too low to sustain the function of the 
circuit that the cell is powering. 


2 The output current is also limited by a large variety of complex effects occurring 
at the surfaces of the electrodes. For example, in a simple cell the hydrogen formed 
at the copper electrode reduces the access of the electrolyte to the electrode. It also 
tends to go back into solution as positive hydrogen ions: such a process leaves 
excess electrons on the copper electrode and these oppose the normal flow of elec- 
trons to this electrode through the external circuit. 


Voltmeters are designed so as to draw very little current. Why is testing the 
potential difference across a cell with a voltmeter a poor way of testing whether 
the cell is run down? 


The voltmeter draws a negligible current from the cell and therefore the effect 
of the internal resistance on the potential differences at the terminals is small. 
In this circumstance a cell may have an acceptable potential difference at the 
terminals but, when placed in a circuit requiring a heavier current, may be 
unable to supply that current because of a large internal resistance. 


To this day the operating principle of cells—the conversion of chemical into elec- 
trical energy—remains unchanged. However there have been advances in the choice 
and configuration of the electrodes and electrolyte so as to increase both the total 
stored energy and the power output. The operating characteristics of a number of 
common cells and experimental high-performance cells are shown in Table 2. 


Table 2 Some cell systems 


Stored energy Comments and 


Type Anode-cathode Rechargeable Wh/kg ! use 
Leclanché Zn—MnO, x ~ 65 most popular; 
torches etc. 
Mercury Zn-HgO x ~ 80 compact; hearing 
aids, etc. 
Silver oxide Zn-AgO x 130 to 350 watches, space 
vehicles 
Lead-acid Pb-PbO, il ~ 50 cheap; transport 
Nickel-zinc Ni-Zn a ~65 experimental; 
transport 
Sodium- Na-S “i ~110 experimental ; 
sulphur bulk energy 
storage 


A major advance is illustrated by the common lead-acid car battery (Figure 27). 
A battery, as its name implies, describes one or more cells connected in series. The 
overall reaction when a current is drawn from a car battery is 


Pb + PbO, + 2H,SO, ———> 2PbSO,+2H,O-+ energy (31) 


This is the reaction by which the battery provides energy to start the car. When the 
car is running, current from a dynamo or alternator driven by the engine can be 
passed through the battery in the opposite direction, inducing the reaction 


energy + 2PbSO, + 2H,O 


Pb + PbO, + 2H,SO, (32) 


which returns the cell to its original state. A battery is said to be rechargeable if the 
chemical reaction in the cell can proceed in either direction. Although this is obviously 
a virtue, there is a price to be paid. As a general rule rechargeable batteries are able 
to store less energy per unit weight than so-called primary cells, in which the chemical 
reaction is not reversible. 


battery 
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negative filler holes allow positive terminal post hard alloy 
terminal ‘topping up” terminal support grid 
of each cell 


active material 


cell dividers 


(a) (b) 


SAQ 13 A run-down 2V torch battery has an internal resistance of 10 Q. 
Calculate the power dissipated in a 4Q light bulb powered by this battery. 
How does it compare with the power available from a new battery with 
virtually zero internal resistance? (You should assume that the resistance of 
the bulb is independent of current.) 


SAQ 14 A voltmeter connected across a battery reads 11 V. When a 10Q 
load is placed across the same battery, a current of 1 A flows. Calculate the 
internal resistance of the battery. 


SAQ 15 Why does seawater conduct electricity better than distilled water? 
Why should you top up your car battery with distilled water? 


Conclusion 


Although this Unit has been concerned with moving charge, it could also be regarded 
as a case study of the ways in which we exploit the electrostatic force. Our arguments 
about the currents in circuits have been based on static charge distributions and 
static potentials; we have ignored the possibility that the very existence of the currents 
might modify the forces on the charged particles moving in the circuits. In fact, when 
charges are set into motion, a new force, known as the magnetic force, does come 
into play. Magnetic forces and their interaction with moving charges will be the 
subject of the final Unit in the electromagnetism Block. An understanding of this 
subject will allow us to discuss an important source of current that has not been dealt 
with in this Unit, namely the mains electricity supply. 


As a final recap of the material in this Unit, check through the boxed equations in 
the text and then read the following list of Objectives. 


Objectives 


After studying this Unit, you should be able to: 


1 Explain using force or energy arguments why and how electrons travel down a 
metal wire whose ends are held at different electric potentials (SAQ 1). 


2 Define the instantaneous current in a wire (equation 2). 


3 Quote Ohm’s law, indicate its range of applicability and use it in simple calcula- 
tions (SAQs 2, 4, 7, 13, 14). 


4 Express the power dissipated in a resistor in terms of any two of the following 
parameters: the potential difference across the resistor, the current through the 
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Figure 27 The lead-acid car battery. 
(a) Construction of the battery. Sets of 
plates are assembled in pairs to form the 
‘cells’ of the battery. (Each ‘cell’ is, in 
effect, a small battery.) The very close 
proximity of positive and negative plates 
results in a low internal resistance. The 
electrodes of adjacent cells are linked to 
develop the maximum possible potential 
difference across the battery as a whole. 
Insulating spacers keep the plates apart 
so that they cannot make electrical 
contact. 


(b) Structure of the plates: the active 
materials (lead (Pb) for the negative 
plate, lead dioxide (PbO,) for the positive 
plate) are supported on a rigid grid. 


resistor, and the resistance of the resistor; use these relationships in simple calcula- 
tions (SAQs 3, 4, 13). 


5 Quote Kirchoff’s laws of circuit analysis and use them to derive an expression 
for the effective resistance of resistors in parallel or series; use these expressions in 
simple calculations (SAQs 5-7, 13, 14). 


6 Define the concept of capacitance and use it to solve simple problems relating 
charge, potential and stored electrostatic energy to one another (SAQs 8, 9, 11). 


7 Identify the time constant on a graph representing an exponential decay process 
(Home Experiment). 


8 Quote the general expression, N = Nye “", for an exponential decay process 
(SAQ 12). 


9 Recall that t = RC for a capacitor C whose stored charge is decaying through a 
resistance R (SAQs 10, 11). 


10 Describe qualitatively how cells store chemical energy and how that energy is 
converted to electrical energy. 


11 Describe qualitatively the nature of an electrolyte at the atomic level (SAQ 15). 


12 Recall the constraints on the total energy and the maximum current available 


$271 UNIT 7 


from a cell/battery (SAQs 13, 14). 


SAO answers and comments 


SAQ 1 (a) 1.6 x 10°'°J. From the definition of electric 
potential, the loss in electrostatic potential energy is given by 


change in electrostatic = change in potential x charge 
potential energy _1yx16x 107°C 
= 1.6 x 10°1°J 


This amount of energy is sometimes referred to as an electronvolt. 
It is the potential energy lost or gained by an electron in moving 
through a potential difference of one volt. 


(b) 5.9 x 10° ms™t. If m, is the mass of the electron and v its 
speed, then its kinetic energy is 


4m,v? = 1.6 x 10°19J 


2% 16. 10=" = 

Therefore v= = ms! 
9.1 x 1073! 
and v=59 x 10°ms! 


(c) No! The electron will have intermittently lost kinetic energy in 
collisions with the lattice, and will be moving at a much lower speed 
than 5.9 x 10° m s~}. 


SAQ 2 5Q;0.6A. All that is needed to answer this question is to 
apply Ohm’s law: 


V =iR 
Therefore R = V/i = 1.5/0.3 ohms 
=59 
If RESA 


i 


Il 


V/R = 1.5/2.5 amps 
=0.6A 


SAQ 3 Electrical energy used per litre 


= power x time 
=2kW x 0.05 hours 
= 0.1 kWh 


4p 


t= 0.1 kWh 
S * kWh 


= 0.4p 


An average teapot probably holds about 1 litre (a little less than 
two pints), so if you boil just enough water to fill the pot the electrical 
energy required will cost you less than 4p. 


SAQ 4 0.42 A, 576 Q. Electrical power = iV, and so current 
drawn = 100 W/240 V = 0.42 A. 


From Ohm’s law, resistance = V/i = 240 V/0.42 A = 576 Q. 


SAQ 5 Seven ways, giving resistances of 3.3, 5, 6.7, 10, 15, 20 and 
30 Q. 


A single resistor gives 10 Q. 
Two resistors can be combined in series giving 
Rep = 102 + 109 = 200 


or in parallel giving 


1/Rere = Go + w)! = HOA, ie. Rer = 5Q 


Three resistors can be combined in series (Ree = 30 Q) or all in 
parallel (1/Reg = 7Q7', i.e. Reg = 3.3 Q). The three resistors can 
also be arranged so that one is in series with a parallel pair 


Raer = 100 + SQ = 150 
or so that a single resistor is connected in parallel across a pair in 
series 
1 1 1 =a 
— =(— + —]Q Lie Reg = 6.7 
Reg 10 20 
SAQ 6 Ofcourse there are many ways of combining the resistors 


to achieve the required values but the most efficient solutions are 
as follows. 


Two 10 kQ resistors in parallel have an effective resistance given by 


a ee 
Rigen Ries Rad ORO 


Rog = 5kQ 
Two 1 kQ resistors in series have an effective resistance given by 
Reg = Ry +R: =1kQN4+ 1kQ =2k0 


A 1kQ and a 10kQ resistor in parallel have an effective resistance 
given by 
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1 Ten ) = 
Ree \103 ` 10 x 103) 10 x 10° 

10 x 10° 
Reg =— — 2 = 9100 


This is well within the tolerance allowed. 


SAQ 7 (a) 9.9 V. After the voltmeter is placed across the resistor 
there are two resistances in parallel (Figure 28). The total effective 


resistance is given by 
1 1 1 


= + 
Rer Reesistor Ryoimeter 


1 1 
= (= y jO: 
(r = a 


Reg = 99 x 10° Q 


The potential difference across the meter and the resistor is therefore 


V = iR = 1074A x 99 x 10° Q = 9.9 V 


10 MQ 


— eo 
100 pA 


100 kQ 
Figure 28 (Answer to SAQ 7). 


(b) Itis interesting to compare this potential difference with the 
potential difference Viua Which existed before the meter was 
connected. This is simply given by 


Vaitia = IR = 10°* A x 10°Q=10V 


So installing the meter has changed the potential difference that 
was being measured. Whenever measurements are made, on 
electrical or any other systems, the experimenter must attempt to 
minimize the effect the measurement has on the system. In fact, it 
is impossible to eradicate completely the perturbing effect of 
measurements. In this example the effect can be reduced by increas- 
ing the resistance of the voltmeter. The larger the meter’s resistance, 
the smaller is the reduction of the potential difference when it is 
connected. This is why it is important that voltmeters should have 
very high resistances. 


(c) An ammeter, on the other hand, is designed to measure the 
current through a circuit component, and must therefore be placed 
in series with that component. If the ammeter had a high resistance, 
Ohm’s law shows that the overall current in the circuit would fall 
when the ammeter was connected. 


In summary, voltmeters are connected in parallel across a circuit 
and must have a high resistance. Ammeters are connected in series 
with the circuit and must have a very low resistance. 


SAQ 8 They both fall by a factor of five. 


The charge on each plate is not affected by the introduction of the 
mica. From the equation q = CV, we can write 


Crefore Vooi = 4G Caster Vatter 


Voster = Cretore 


Voetore Carter 


The capacitance of a parallel plate capacitor is proportional to the 
permittivity of the dielectric. Therefore 


Crerore £0 re 1 


Carter Séo 5 5 


Thus the potential difference falls by a factor of 5. From the equation 


Ea = 34V, it immediately follows that the stored energy also falls 
by a factor of five. 
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SAQ 9 (a) The stored energy is given by equation 20: 
Ea = 3CV? 
=} x 10-3 x (10°)? J = 500J 


(b) Since the energy is supplied at a rate of 100 W = 100 J s™t, 
the time required to supply 500 J is 5 seconds. 


(c) If 500 J is discharged in 107° seconds, the average power over 
that time will be 500/107? W = 0.5 MW. 


SAQ 10 Using V =iR and q = CY, the product RC may be 
rewritten as 


V 
fe. SS 
l 


The units of q/i are coulomb/(coulomb/s) = s and therefore the 
units of RC are correctly given as seconds. 


SAQ 11 (a) 10`'C. The stored charge is given by equation 18: 
q = CV = 10°? x 10? = 0.1 coulombs 


(b) 5J. The energy E,, stored in a capacitor charged to a potential 
difference V is 
Eq = CV? 
=> x 10 $x (1077 J=5J 


(c) 10°A. This part can be answered in two equivalent ways, 
either by using equation 29 or simply by Ohm’s law. 


ig = Go/RC or. -i=V/R 
A 107! z _ 100 3 
1075! .x 10-3 {04 
=10°A = 10A 


(d) 100kW. 


initial power = initial current x initial potential difference 
= 10° x 10? W = 100kW 


(e) 100 ps 
t=RC = 10 ! x 103s = 100 ps 


The assumption that the resistance remains constant at 0.1 Q is, 
of course, totally unrealistic. The metal pieces are being heated to 
a very high temperature and are even melting, and under such 
circumstances the resistance would change markedly. 


(f) 1.8 kW. 200 ps is two time constants. After each time constant 
the current and the potential difference will have decayed by a 
factor e, and the power will have decayed by a factor e°. So, 


initial power 


power after 200 ps = = 
e 


x e? 


_ 100x 10° 


W= 1.8k 
54.6 TKW 


SAQ 12 The rate of decay of the tritium nuclei is described by 
equation 26: dN/dt = —N/z. At the instant described, N = 102° 
and dN/dt = —1.8 x 101!, so the value for the time constant t is 


—N/(dN/dt) = 107°/1.8 x 101! = 5.6 x 108s. 


The equation for the number of nuclei left after time t is obtained 
by substituting No = 107°, t = 5.6 x 108 s into equation 27, i.e. 


N= 107% ~#/5-6 x 108s 


SAQ 13 0.08 W. 


The current i through the 4Q light bulb is given by Veg = iRguiy- 
Applying equation 30, with the above value for the potential differ- 
ence between the terminals, 


Vee = Rpm V — ir 
i x 4Q = 2 volts —i x 10 
i = 4 amps 
power dissipated = i? Ruw 


= j watts 
= 0.08 W 


When r = 0, as in a new battery, Vig = 2 volts 


power = V2g/Rput 
= 4/4W = 1W 


This is more than ten times the power dissipated in the bulb when 
the battery is run down. 


SAQ 14 1Q. When current is passing through the 10 Q resistor, 
the potential difference at the terminals is given by Ohm’s law: 


V,a = iRtoag = 1A x 102 = 10 V 
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The voltmeter draws very little current and will, to a good approxi- 
mation, read the actual potential difference V of the battery. 
Applying equation 30, 


Vig = V —ir 
10 volts = 11 volts — (1 amp x r) 


r = 1 ohm 


SAQ 15 Seawater contains a significant amount of common salt, 
NaCl. When dissolved, the NaCl molecules split up into Na* and 
Cl” ions. These, being charged, can carry current. In distilled water, 
very few of the H,O molecules are dissociated and therefore it is a 
poor conductor. This is why distilled water is used to top up car 
batteries. The water is virtually undissociated, so no foreign ions 
are introduced that might interfere with the normal flow of charge 
through the electrolyte. There is also no danger of insoluble de- 
posits, such as those produced by ‘hard’ tap water, coating the 
plates and reducing the effective area of the electrodes. 


Figures 13 and 23 Ann Ronan Picture Library; Figure 14 Science Museum. 
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2.1 


Study guide 


This Unit is longer than a standard Unit. It is expected to occupy about 14 hours of 
your study time. The Unit is divided into three main parts, and you are advised to 
allocate your time in the following way: 


Part A 6 hours Part B 44 hours Part C 33 hours 


The 45 hours given to Part B includes the time needed to study Section 7, which 
incorporates a TV programme dealing with the magnetic confinement of thermo- 
nuclear plasmas. You will gain the greatest benefit from this programme if you view 
it after studying the earlier parts of the Unit. In any event, you should read Section 7.1 
before watching the programme. 


Introduction 


In Unit 6, you were introduced to the concept of electric charge, and you met some 
of the many properties of charges at rest. A large part of the Unit was devoted to the 
electric field, used when describing the electrostatic forces between charges at rest. 


These ideas were taken up and developed in Unit 7, which dealt with electric currents. 
Two topics were considered in some detail: the nature of electric currents, and the 
ways in which they can be created. Currents consist of moving charges, so, ultimately, 
currents arise from the forces that act on charged particles and make them move. 
These forces are often electrical in nature, and can therefore be described by fields. 
In view of this fundamental link between currents and fields, you may find it sur- 
prising that there was relatively little discussion of fields in Unit 7. That omission will 
soon be rectified. 


The whole of this Unit is devoted to those properties of moving charges that were 
not investigated in Unit 7. It can be regarded as an extensive discussion of the 
relationship between fields and currents. It will not only explain the way in which 
fields can create currents, but it will also reveal that fields can be created b y currents! 


The subject to be discussed is a large one, ranging from the construction of electric 
motors, through the space age discovery of the radiation belts surrounding the Earth, 
and on to the nature of light. However, throughout our exploration of these topics, 
one concept will consistently play a major role. That concept is the magnetic field — 
the subject of the first part of the Unit. 


PART A MAGNETISM 
The magnetic field 


Introduction 


Magnets have provided entertainment, mystification, and guidance for many 
centuries. The ancient Greeks knew of magnetism more than 2 300 years ago. In 
fact, the word ‘magnet’ probably comes from ‘Magnesia’, the name the Greeks gave 
to an area of Asia Minor where naturally occurring magnetized stones were fairly 
abundant. Traditionally, the Chinese are also credited with an ancient knowledge of 
magnetism, though the extent to which this is justified is not altogether clear. The 
idea of using a magnetic compass for navigation was certainly known in China by 
the 11th century A.D., but the use of magnetized compass needles was also common 
among European seafarets by the beginning of the 12th century. 


Whatever the true history of magnetism may be, one thing is clear—the early appli- 
cations of magnets were made without any real appreciation of either the origin or 
the nature of magnetic forces. In the course of this Unit you will get to know quite a 
lot about magnetic forces. You will learn how they are described and measured, how 
they are produced, and what effects they have. You will even take a few steps towards 
an understanding of the origin of magnetic forces, although a full explanation is 
beyond the scope of this Unit. 


2.2 


2.3 


One of the most important developments in the scientific investigation of magnetism 
was the discovery of a close relationship with electricity. We start by examining one 


aspect of that relationship. 


The magnetic field 


Magnetic forces, like electric forces, are usually described in terms of fields. So, 
before discussing magnetism itself, let’s recall some of the basic ideas about fields 
that were introduced in Unit 6. Figure 1 shows a simple example of a field: the 
electric field between two oppositely charged parallel metal plates. If a particle of 
charge q is located at a point with position coordinates (x,y,z), then, as Figure 1 
shows, it will experience a force due to the electric field &(x,y,z) at that point.* The 


force is given by 
Fa = qE(x,y,Z) (1) 


The example of Figure 1 is typical of the kind of situation in which the concept of a 
field is useful. Remember what was said in Unit 6; the electric field is ‘some property 
associated with the point (x,y,z) which determines the electric force on any charged 
particle placed at that point’. The electric field is introduced in order to describe the 
electric force that can act at any point in the region between the plates. It is not hard 
to imagine that the field idea will be useful whenever we want to describe a force with 
this property of acting at any point in some specified region, even if the force is not 
an electric one. 


Figure 2 shows a charged particle that is not subject to any electrical force. The 
particle is moving in the region between the pole pieces of a large permanent magnet. 
How will the particle behave? Will the magnet have any effect on it? Experiments 
show that a charged particle moving between the poles of a magnet experiences a force. 
It seems only natural to say that the particle is subject to a magnetic force F „. The 
electron beams that move along the tube of your television set are partly controlled 
by such magnetic forces. 


In at least one respect, electric and magnetic forces are similar; in both cases, the 
force is most conveniently described by means ofa field. Just as the particle in Figure 1 
is said to be moving through an electric field &(x,y,z), so we can say that the particle 
in Figure 2 is moving through a magnetic field, and we can use the symbol B(x,y,z) 
to denote the vector representing the magnetic field at the point (x,y,z). 


Although electric and magnetic forces are similar in one respect, they are very 
different in another. The particle in Figure 2 is moving, and if this was not the case, if 
the particle was stationary, then it would not experience any magnetic force. The 
magnetic force only acts on charged particles that are moving. This is quite different 
from the electric force, which acts on any charged particle, irrespective of its motion. 


In view of the difference between the electric and magnetic forces, you may be 
wondering exactly how the magnetic force is related to the magnetic field. The 
relationship cannot be as simple as that between the electric force and the electric 
field because the magnetic force has to involve the motion of the particle as well as its 
charge and position. The next two sections will elucidate the link between the magnetic 
force and the magnetic field. 


The strength of the magnetic field 


In this section and the one that follows, we are going to clarify the meaning of the 
magnetic field B(x,y,z) by giving it a precise definition. We will do this by eventually 
writing down a formula that relates B(x,y,z) to the magnetic force F,,. By measuring 
the force Fn, we will then be able to determine the magnetic field that gave rise to the 
force. This process is exactly analogous to the way in which the electric field is defined; 
&(x,y,z) is related to the electric force F, by equation 1. In order to define the 
magnetic field, we want to know the equation that does for magnetism what equation 
1 does for electrostatics. What could such an equation look like? 


* In Unit 6, we generally denoted the position of a point by its position vector r, rather than 
by its coordinates (x,y,z), and we denoted the electric field at a point by &(r) rather than by 
&(x,y,z). These two representations contain exactly the same information, and for the 
first part of this Unit we will predominantly use the alternative (x,y,z) and &(x,y,z). 
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Figure 1 The electric force F,, on a 
charged particle located at the point 
(x,y,z) in the electric field between two 
oppositely charged parallel metal plates. 
Such a field is uniform throughout most 
of the region between the plates, but 
becomes non-uniform close to the edges. 


pole 
pieces 


direction 
of motion 


Figure 2 The magnetic force F,, acting 
on a charged particle moving through the 
region between the poles of a large 
magnet. The magnitude and the direction 
of the magnetic force will be discussed 
shortly. 


One possibility is that F,, = qB(x,y,z), but this is ruled out by the fact that only 
particles that are moving experience the magnetic force. The equation relating the 
magnetic field and the magnetic force must involve the velocity v of the particle in 
some way—the equation F „ = qB(x,y,z) fails to do this and is therefore unacceptable. 


At this point, the general relationship between F,,, B(x,y,z) and v could simply be 
written down and discussed. But rather than do that, we will defer discussion of the 
direction of B(x, y,z) to the next section. For the present, we will confine our attention 
to a special case in which the magnitude of B(x,y,z) can be determined. 


The special case in question is shown in Figure 3. A particle of positive charge q is 
moving in the plane ABCD, parallel to the surface UVWX of one of the pole pieces 
of a large permanent magnet. When the particle passes through the point (x,y,z) its 
velocity is represented by the vector v, which lies in the plane ABCD. Under these 
special circumstances, the magnetic force F „ acting on the particle will also be found 
to lie in the plane ABCD. 


B 


D 


Suppose that an experiment is carried out in which a succession of positively charged 
particles with various charges q and speeds v are fired through the point (x,y,z). 
Provided that the velocity of each of the particles is parallel to the plane UVWX, it 
will be found that the magnitude F,,, of the magnetic force acting on each particle is 
proportional to both the speed of the particle v, and to its charge q. Thus we can 
write 


FOG qv provided v is parallel to UVWX. 


What other factors do you think might influence the value of F m? The most obvious 
one is the strength of the magnet. If the terms strong and weak are to have any mean- 
ing at all when applied to magnets, they must imply that a strong magnet exerts a 
stronger magnetic force than a weak magnet. This simple expectation can be expressed 
in mathematical form by using the magnetic field concept. The magnitude of the 
magnetic field at the point (x,y,z) in Figure 3 is written B(x,y,z) and is defined by the 
equation 


F,, = quB(x,y,z) provided v is parallel to UVWX. (2) 


Note that this equation defines B(x,y,z), not F,,. The magnitude F,, can be deter- 
mined by measuring the acceleration of the particle as it passes through the point 
(x,y,z). The scalar quantity B(x,y,z)—the magnitude of the magnetic field at the point 
(x, y,z)—is usually called the magnetic field strength at the point (x,y,z). By rearranging 
equation 2, itis easy to work out the units in which magnetic field strength is measured; 


B(x, y,z) = F,,/qv provided v is parallel to UVWX. 


Since Fm is measured in newtons, q in coulombs, and v in metres per second, it must 
be the case that B(x,y,z) is measured in Nsm~! C7. In fact, this unit is given a 
special name—the tesla—and is denoted by the symbol T. 


1 unit of magnetic field strength = 1 Nsm7'C7™! =1T 


Table 1 should give you some feeling for the physical size of the tesla. The table 
provides a list of some of the magnetic field strengths of interest to physicists. You 
are not expected to remember any of the details, but you should note the enormous 
range of magnetic fields found in nature. 


Figure 3 The plane ABCD is located 
between the pole pieces of the magnet 
and is parallel to UVWX—the surface of 
one of the pole pieces. A particle of 
positive charge q is located at the point 
(x,y,z) and has a velocity v. The 
orientation of v is unimportant as long as 
it is somewhere in the plane ABCD. 


Table 1 


magnetic source of 
field strength magnetic field 


Ab 
10° neutron star 
10 
10° 
10° 
104 
10° 
10? superconducting 
10 magnet 
1 
f= typical bar magnet 
107 : surface of the Sun 
107 
nEs 1 gauss* 
107° surface of the Earth 
107 
1054 
107 : Crab nebula 
10: 
102 galactic field 


* The gauss (1 gauss = 1074 T) is a 
unit of field strength in a non-SI 
system of units. It is still widely in use 
today, though you should always use 
the tesla. 


2.4 


SAQ 1 Suppose that the particle shown in Figure 3 is a proton, and that its 
speed, while moving through the point (x,y,z), is 2.5 x 10’ms_*. If the 
magnetic force exerted on the particle is of magnitude 8.0 x 107+? N, work 
out the magnetic field strength B(x,y,z) acting on the proton. (Values of 
constants that you will need to use for SAQs and ITQs can be found on the 
back cover.) 


The direction of the magnetic field 


So far we have avoided discussing the direction of the magnetic field by confining our 
attention to the special case of a particle moving parallel to the surface of one of the 
pole pieces of the magnet shown in Figure 3. We now want to consider the more 
general case in which the particle moves in an arbitrary direction. 


Figure 4 illustrates the kind of situation that we want to discuss. As before, the 
Figure shows a particle of positive charge q moving through the point (x,y,z) with 
velocity v. However, in this case the velocity v is not parallel to the surface UVWX. 
The direction of v can be partly described by saying that v is at an angle 6 to the line 
PQ —an imaginary line perpendicular to the surface UVWX, and passing through the 
point (x,y,z). It is only when 6 = 90° that the particle moves parallel to the surface 
UVWX, as in the ‘special case’ of the last section. Note that Figure 4 includes the 
magnetic force F,,, which is always found to be perpendicular to both the velocity 
v and the line PQ. 


Figure 4 does not include a vector B(x,y,z) representing the magnetic field at the 
point (x,y,z); but what would be the most natural direction for B(x,y,z)? Surely, the 
only natural direction is parallel to PQ. If you chose any other direction, perpen- 
dicular to PQ say, then there would be an infinite number of possible orientations 
all of which seem to be equally natural. Accepting for the moment that the magnetic 
field is indeed parallel to PQ, it is only necessary to decide whether it points from 
P to Q, or from Q to P. 


N 
Fn 
P 
S A = 
w / yļ]L 
(x,y,z) 


In fact, Figure 4 has been drawn under the assumption that the magnetic field 
B(x,),z) points from P to Q. So the physical significance of the angle @ is that it 
represents the angle between the velocity and the magnetic field at the point (x,y,z). 


ITQ 1 Draw a diagram similar to Figure 4, but omit the line PQ, and 
include a vector representing the magnetic field B(x,y,z). 


Your diagram should have included a magnetic force F,, at right angles to both v 
and B(x,y,z). It is important to decide whether or not the angle @ has any influence 
on the magnetic force F,,. This question can be resolved experimentally in the 
following way. Suppose that a succession of particles with various positive charges q, 
and various velocities v are fired through the point (x,y,z). By measuring the magnetic 
force Fm acting on each particle as it passes through the point (x,y,z), it is possible to 
work out the way in which F „ depends on the charge q, the velocity v, and the angle 0. 


Such an experiment yields two important results: 
Result 1 The direction of the force F,, is invariably at right angles to both the 
velocity v and the magnetic field B(x, y,z). 
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Figure 4 At the point (x,y,z), a 
positively charged particle has a velocity 
v that makes an angle @ with the line 
PQ —an imaginary line perpendicular to 
UVWX and passing through the point 
(x,y,z). The magnetic force Fm is 
perpendicular to both v and the line PQ. 


Result 2 The magnitude of the force F,, is always proportional to the charge q 
(positive), the speed v, and the sine of the angle 0. 


Fm £X qu sin 0 provided q is positive. 


As in Section 2.3, the magnetic field strength B(x,y,z) can be used to make this 
proportionality into an equality: 


Fm = quB(x,y,z) sin 0 provided q is positive. (3) 


Introducing the magnetic field strength in this way is perfectly consistent with what 
was said in Section 2.3. In that section, we were dealing with the special case when 
0 = 90°; under such circumstances sin 0 = sin 90° = 1, and equation 3 reduces to 
equation 2. All we have done is to generalize the definition of B(x,y,z). 


These results about the magnitude and direction of F,, should remind you of a 
concept you met earlier in the Course. Do you recall the vector cross product in- 
troduced in Unit 4? Remember, the vector cross product of two vectors, r and F is 


written as r x F and is defined to be a vector in the direction that is perpendicular to 
both r and F as given by the right-hand rule shown in Figure 5. The magnitude of the 


vector r x F is given by the expression* 

|r x F| = rF sina (4) 

where « is the angle between r and F. 
T 


rxF 


The vector cross product notation makes it possible to summarize both Result 1 
and Result 2 in a rather neat way: 


F,, = qu x Bos) | (5) 


This equation is the general relationship between the magnetic force and the magnetic 
field that we set out to find. Equation 5 is used to define both the magnitude and the 
direction of the magnetic field, just as equation 1 is used to define the electric field. 


ITQ 2 Confirm that equation 5 provides the correct relationship between the 
directions of the vectors F,,, v and B(x,y,z) by applying it to the diagram that 
you drew in response to ITQ 1. Take the directions of v and B(x,y,z) from your 
diagram, and use the right-hand rule to convince yourself that equation 5 
predicts the correct direction for Fm- 


The answer to ITQ 2 shows that equation 5 incorporates Result 1 about the direction 
of F». It is almost equally easy to show that equation 5 incorporates Result 2 about 
the magnitude of F „. It follows from equation 5 that 


[Ful = [gv x B(x,y,z)| = |q| x |v x B(x.y,z)| 
LE: F,, = |q|vB(x,y,z) sin 0 (6) 


* Remember, the modulus sign || means ‘the magnitude of’ the quantity enclosed. 


right-hand rule 


Figure 5 (a) The vector product r x F. 
(b)-(d) The right-hand rule for 

working out the direction of the vector 

r x F. First, point the straightened 
fingers of your right hand in the direction 
of the first vector (r), as in diagram (b). 
Secondly, keeping your fingers pointing in 
the direction of the first vector, turn your 
wrist until your hand is orientated in such 
a way that by bending your fingers 
through less than 180° you can align 
them with the second vector (F), as in 
diagram (c). The direction of the product 
r x F is then given (approximately) by 
the direction in which your extended 
thumb points, as in diagram (d). The 
vector r x F is perpendicular to both 
rand F. 


2.5 


You may be wondering what |q| means when q is a scalar. In this context, |q| means 
‘the numerical value of q, irrespective of its sign’. So, for example, if q = —6 C then 
|\q| = 6C,and ifqg = +12 Cthen|q| = 12 C. If q is positive, then |q| = q and we can 
rewrite equation 6 as 


F,, = quB(x,y,z) sin 0 provided q is positive. 


This is nothing other than equation 3 again. So by using equation 5 to define the 
magnetic field, we get agreement with equation 3, which followed from Result 2. 
There is also an additional bonus; equation 3 is only true if the charge q is positive, 
but equations 5 and 6 are true irrespective of the sign of the charge. Changing the 
sign of q simply reverses the direction of the magnetic force F m, without altering its 
magnitude. 


It is important to realize that equation 5 can be used in two ways. On the one hand, 
if F,,, v and q are all measured, then equation 5 can be used to define B(x,y,z)*. On 
the other hand, if B(x,y,z) is already known, then equation 5 can be used to predict 
the magnetic force experienced by a particle of known charge and known velocity. 


To make certain that you really do understand the relationship between q, v, B(x,).Z) 
and F,, try SAQs 2 and 3. 


SAQ 2 In each of the following, the directions of v and B are either stated, 
or shown as an arrow if they happen to be in the plane of the page. The value 
of q is also given. In each case, you should work out the direction in which the 
force due to the magnetic field acts. (For example, the answer to part (a) is 
‘perpendicular to the plane of the page and out of the paper’.) 

(a) v Bt q=+1C 

(b) v> B\ q= FIC 

(c) va B\ q=—1C 

o0 BA g =LC 


(e) vis perpendicular to the plane of the page and directed into the paper; 
1B g=-1C 


(£) |v Bis perpendicular to the plane of the page and outwards; q = +1 C 


SAQ 3 What is the magnitude of F» in each of the following cases: 


jv|=104 ms"! 
(a) <0" G=2G 
|B|=2T 
|B|=7T 
Se 
ae 
(b) E q= -10C 
NE 
Sl 
|v}=4ms7! 
(c) |v|= 10m s7 
g= =1.6x 10-"C 
B= EFT 


Some examples of magnetic fields 


So far in this Unit, we have only dealt with the magnetic field at a single point (x,y,z). 
In this section, we turn to the problem of describing the magnetic field throughout 
the whole of some region. Let’s begin with our old friend, the magnetic field of the 
magnet shown in Figure 4. 


* Generally, the determination of B(x,y,z) requires two sets of values for F,,, q and v, obtained 
from particles moving at right angles to each other. Basically, the need for two sets of data 
arises from the fact that if one of the particles happened to be travelling parallel to the 
magnetic field then it would not experience any magnetic force (sin 0 = 0) and it would not 
provide any information about the field B(x,y,z). 
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You will probably not be surprised to learn that the magnetic field between the pole 
pieces of Figure 4 is uniform. It has the same magnitude and direction at all points 
that are not too close to the edges. We can represent this field diagrammatically by 
making use of the concept of a field line. Unit 6 employed field lines to represent the 
electric field, but they can equally well be used when dealing with magnetic fields. 


There are just two things to remember about field lines. First, the field at any point 
is parallel to the tangent to the field line at that point, and it is in the direction indicated 
by the arrow on the field line. Secondly, those regions in which the field lines are most 
densely packed together correspond to regions in which the field strength is greatest. 
As a matter of fact, field lines have already been used in this Unit; they appear in 
Figure 1, representing the uniform electric field between two charged metal plates. 
You might like to compare Figure 1 with Figure 6, which uses magnetic field lines to 
represent a uniform magnetic field. 


Figure 6 The uniform magnetic field 
between the pole pieces of a large magnet. 
(The field ceases to be uniform near the 
edges of the pole pieces.) 


Of course, Figure 6 shows a particularly simple magnetic field. In practice, it is often 
necessary to deal with fields of considerably greater complexity. We could attempt to 
determine such fields experimentally by measuring the magnetic force on a particle 
of known charge and known velocity as it moves through various points in the field. 
Though such a method would work, it would be very time consuming, and probably 
very difficult in practice. Fortunately, there are much easier ways to investigate 
magnetic fields. 


There are two simple methods of determining the pattern of field lines that corre- 
sponds to a given magnetic field. 


Method 1 Field lines and compasses 


If a large number of compasses are placed between the poles of a magnet, the needles 
will line up with the magnet field, and the result will look like that shown in Figure 7. 
One end of the compass needle is usually painted red; this is the end that points in the 
direction of the magnetic field. It is clear from Figure 7 that if a sufficiently large 
number of compasses are used, the magnetic field lines can easily be plotted. (The 
reason for the alignment of the compass needle and the magnetic field will be ex- 
plained shortly. 


Method 2 Field lines and iron filings 


You have probably seen a demonstration of this method at some time. A piece of 
paper is placed on top of a magnet and covered with a thin sprinkling of iron filings. 
If the paper is given a few gentle taps the iron filings reveal the pattern of magnetic 
field lines, just as the compass needles did. What happens in this case is that the 
magnetic field ‘magnetizes’ the iron filings; each becomes a small magnet, which 
lines itself up with the magnetic field in its vicinity and attracts other iron filings. The 
drawback of this method is that it fails to show the direction of the arrow on the field 
lines. 


By using these practical methods of determining magnetic field lines, it is quite 
straightforward to plot some examples of magnetic fields. 


Example 1 The field of a bar magnet 


Figure 8 shows the field of a bar magnet. In this case the field lines happen to point 
away from the upper end and towards the lower end. It is conventional to call the 
end from which the field lines emerge the north magnetic pole of the magnet. The 
opposite end, on which the field lines converge, is called the south magnetic pole. 


SAQ 4 What kind of pole is the one shown on the left in Figure 6; north 
or south? 


10 


magnetic field lines 


Se 


Figure 7 The use of compasses in the 
determination of magnetic field lines. 
Note that the non-uniform edge effects 
have been included. 


Figure 8 The magnetic field of a bar 
magnet. The field lines point away from 
the north magnetic pole. 


Example 2 The magnetic field of the Earth 


The Earth has a magnetic field ; that is why compasses are useful for finding directions. 
A section through the Earth’s magnetic field is shown in Figure 9. It is quite similar 
to the field of the bar magnet. Notice the way the field lines converge on a point close 
to the geographical north pole. This means that the magnetic pole closest to the 
geographical north pole (the so-called magnetic north pole) is actually a south 
magnetic pole; a simple fact that has caused endless confusion. Indeed, it was in an 
attempt to avoid this confusion that the British Admiralty issued instructions that 
the north pole of a compass needle—the end that points towards the geographical 
north pole—should be painted red and called a ‘north seeking pole’ by navigators. 
This convention is now widely used by physicists. 


Example 3 Combining magnetic fields 


The fact that compasses work at all demonstrates that magnets (such as the Earth) 
can exert forces on other magnets, just as they do on moving charged particles. In 
fact, the two effects are not entirely separate, though their relationship is rather 
subtle. Although the physical processes responsible for the forces between permanent 
magnets are surprisingly complicated, there is a simple and well known rule that 
summarizes a great deal of practical experience: 


Like poles repel, and unlike poles attract. 


This rule explains, though not at a very profound level, why it is that a compass needle 
aligns itself with a magnetic field. The needle, which is nothing other than a rather 
weak magnet with a north pole at one end and a south pole at the other, experiences 
a force due to the magnetic field in which it is located. Whatever north and south 
magnetic poles are responsible for this field, the forces that they exert on the compass 
needle are such that the needle lines up with the local magnetic field. 


On the whole, compass needles are such weak magnets that they can be used to 
determine the direction of a magnetic field without themselves having much influence 
on the total magnetic field. However, when two magnets of roughly comparable 
strength are brought together, it is natural to expect that the total field will be a 
combination of the fields due to each of the magnets. In fact, the magnetic fields are 
combined in exactly the same way that electrostatic fields were combined in Unit 6, 
by means of vector addition. 


The magnetic field produced at any point by a combination of magnetic fields 


is equal to the vector sum of each of the individual magnetic fields at that point. 


Because this principle works in exactly the same way for magnetic fields as it did for 
electric fields, there is no need to discuss it here. (If you are not quite sure of the way 
in which fields can be added together, consult the examples in Unit 6.) Two examples 
of the result of combining the individual magnetic fields of two identical bar magnets 
are shown in Figures 10 and 11. As you would expect, the resultant fields depend on 
the exact arrangement of the two bar magnets. 


Figure 10 One of the many possible Figure 11 A different arrangement of the 
field patterns that can be obtained by two magnets shown in Figure 10 
combining the individual magnetic fields produces a different total magnetic field. 


of two bar magnets. 
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Figure 9 The magnetic field of the 
Earth. Note that a south magnetic pole 


8 


seems to be located near the geographical 


north pole. 
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2.6 


2T 


Magnetic monopoles 


One particular field pattern that played quite an important role in Unit 6 has not 
appeared at all in our discussion of magnetic fields. The field pattern in question is the 
purely radial (three-dimensional) pattern shown in Figure 12. The source of such a 
radial magnetic field is called a magnetic monopole. There are two types of magnetic 
monopole, north and south; they are the magnetic analogues of positive and negative 
charges. The most interesting thing about magnetic monopoles is that they do not 
seem to exist! You might think that it should be quite easy to create magnetic mono- 
poles. If we cut one end off of a bar magnet, surely the result is a magnetic monopole; 
an isolated north or south magnetic pole. Of course, in practice this simply does not 
work. A bar magnet, because it has both a north and a south magnetic pole, is called 
a magnetic dipole.* When a magnet is cut in two the result is not a pair of monopoles, 
but rather a pair of magnetic dipoles. No matter how finely we chop up a magnet we 
can never isolate a single magnetic pole. Even individual atoms have magnetic fields 
that are similar to the field of a dipole. 


(a) (b) 


Despite some erroneous claims to the contrary, nobody has ever discovered 
a magnetic monopole. However, monopoles are still of great interest to theoretical 
physicists. In recent years, serious studies have been made about the conditions under 
which magnetic monopoles might be produced. Such studies indicate that even if 
magnetic monopoles can exist, their formation requires so much energy that they 
are unlikely ever to be created in a laboratory experiment. However, it may be 
possible to detect some of the indirect effects of magnetic monopoles in laboratory 
experiments or even to find some monopoles left over from the early stages of the 
evolution of the Universe, when highly energetic processes were more common than 
they are now. 


Summary 


We have seen that when a particle of charge q and velocity v passes through a point 
(x,y,z) it experiences a magnetic force 


Fm = qv x B(x,y,z) (eq. 5) 


where B(x,y,z) is the magnetic field at the point (x,y,z). Equation 5 defines the 
magnetic field at the point (x,y,z). But that is not all: if the magnetic field is already 
known, by means of some other experiment say, then equation 5 predicts the magnetic 
force that will act on a particle of known q and v as it passes through (x,y,z). 


The magnitude of a magnetic field is called its field strength and is measured in units 
called tesla (T). When a particle of charge 1 C moves perpendicular to a magnetic 
field of strength 1 T, at a speed of 1 m s~ t, it experiences a force of magnitude 1 N. 


Magnetic fields throughout whole regions can be represented by magnetic field lines, 
which point away from north magnetic poles and towards south magnetic poles. Field 
lines can be plotted by using compasses or iron filings. 


Magnetic fields are added vectorially. 


Magnetic monopoles—isolated north or south magnetic poles—do not seem to exist 
in nature. 


* To be precise, ‘magnetic dipole’ is the name given to any system that produces a specific 
kind of magnetic field. An infinitesimally small bar magnet produces such a field, and is 
therefore an example of a magnetic dipole. Ordinary bar magnets are approximately dipoles. 
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magnetic monopole 


magnetic dipole 


Figure 12 The magnetic field of (a) a 
north magnetic monopole and (b) a 
south magnetic monopole. In both cases, 
the fields are three-dimensional, just like 
the electric field of an isolated electric 
charge. 


3.1 


3.2 


Magnetic fields due to currents 


Introduction 


We have already seen that there is a link between electricity and magnetism; magnets 
can exert forces on electrically charged particles, provided the particles are in motion. 
In reality, the link is much deeper. The first experimental evidence of a close relation- 
ship between electricity and magnetism came several years before equation 5 was 
first written down. The evidence arose from the work of a Danish scientist and phil- 
osopher, Hans Christian Oersted. 


It could be said that Oersted’s inspiration came in flash, for he was partly prompted 
to undertake his investigations by phenomena associated with lightning. Oersted 
knew that lightning sometimes affected compass needles, causing them to swing 
around. He also knew that lightning was basically electrical in nature—a kind of 
electric current. These facts, combined with certain strongly held philosophical 
convictions, led Oersted to suspect that an electric current might well exhibit a 
‘magnetical effect’ under the right conditions. Using a compass as a magnetic 
detector, Oersted was able to verify his suspicion and show that electric currents 
can indeed produce ‘magnetical effects’-—or, as we would say today, electric currents 
can produce magnetic fields. 


Oersted’s discovery, in 1820, of the link between electricity and magnetism, marked 
the creation of a new branch of physical science—electromagnetism. 


The magnetic field due to a long straight current 


When Oersted performed his original experiments he used a thin platinum wire and 
a large electric current. The passage of the current heated the wire and made it glow, 
an effect that Oersted believed would increase the similarity between his experiment 
and a real lightning storm. In fact, as Oersted soon discovered for himself, it was not 
at all necessary to go to such lengths. Any electric current produces a magnetic field, 
so the only problem is to make sure that the field is strong enough to be detected. 


Figure 13 shows what is probably the simplest example of a magnetic field produced 
by a current. In this case, the field is due to a steady current i flowing through a long 
straight piece of wire. As you can see from the figure, the field lines form concentric 
circles around the wire. The direction in which the circular field lines point depends 
on the direction in which the current flows. If the direction of current flow is reversed, 
then the direction of the field lines is also reversed; this is shown in Figure 14. For- 
tunately there is an easy way to remember these directions. Just close the palm of 
your right hand and point your thumb in the direction of the current shown in either 
Figure 13 or 14. In either case, you will find that your fingers curl around your thumb 
in exactly the same way that the magnetic field lines curl around the electric current. 


upward 


current 


(b) 


Figure 14 The direction in which the field lines point is determined by the direction in 
which the current flows. (a) When the current flows into the page, the field lines form clock- 
wise circles. (b) When the current flows out of the page, the circles are anticlockwise. 


This simple technique for remembering the direction of the magnetic field is illus- 
trated in Figure 15, and will be referred to as the right-hand method. Do not confuse 
it with the right-hand rule for vector cross products. 


Apart from its direction, the other piece of information that we want to know about 
the magnetic field is its strength. Experiments show that at a perpendicular distance 
r from the wire, the field strength B(r) is proportional to the current i, and inversely 
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circular magnetic 
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surrounding the 
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current i 


Figure 13 The magnetic field of a long 
straight wire carrying a steady current. 
The field lines form concentric circles 
around the wire in planes at right angles 
to the direction of the current flow. 


direction of 
field lines 


direction of 
current flow 


Figure 15 By using your right hand to 
‘grip’ a current-carrying conductor, you 
can work out the direction of the 
magnetic field. When your thumb points 
in the direction of current flow, your 
fingers indicate the direction of the 
magnetic field. 
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3.3 


proportional to the distance r. These relationships are expressed mathematically in 
the formula 


(7) 


where ji)/2m is a constant. 
There are several points concerning equation 7 that are worthy of note. 


1 You should realize that the overall form of equation 7 is very reasonable. The 
formula shows that if the current is increased, so is the strength of the magnetic field 
that it produces at a fixed distance from the wire. Equation 7 also shows that, for a 
given current, the field gets weaker as the distance from the wire increases. 


2 The second point to note is that the field strength has been written as B(r) instead 
of B(x,y,z). The implication of this change is that in the case of Figure 13, the field 
strength at any point is entirely determined by its perpendicular distance r from the 
wire. This simplification occurs because the field produced by the wire is highly 
symmetrical. If you imagine a set of coaxial cylinders drawn around the wire, as 
shown in Figure 16, the field strength has the same value at all points on any one of 
the cylinders. Further, the field strength is different on each of the different cylinders. 
Thus, for a given current i, the value of B(x,y,z) is determined by the cylinder upon 
which the point (x,y,z) lies, and the simplest way of specifying the cylinder is to quote 
the appropriate value of r. Thus, B(r) conveys just as much information as B(x,y,z) 
thanks to the high symmetry of this particular situation. 


3 The third point concerns the matter of units. If i is measured in amperes, B(r) in 
teslas, and r in metres, then the constant jz) must have units Tm A~'. 


4 The quantity 4o (pronounced mu-zero) is called the permeability of free space. It 
is frequently encountered in electromagnetism, just as é) is common in electro- 
statics. You will find jg in the table of fundamental constants at the back of the Text; 
in SI units, its exact value is: 


Hy = 4n x 10°7T mA“! 


(The surprisingly simple value of 1p is a consequence of the way in which the ampere 
is defined, as you will see in Section 4.4.) 


Equation 7 is of considerable importance. It provides the basic link between electric 
currents and magnetic fields. SAQs 5 and 6 will help you to get to know the equation. 


SAQ 5 Figure 17 shows three points close to a wire carrying a current of 
12 A. For each of the points a, b and c, calculate the magnetic field strength, 
and state whether the magnetic field points into or out of the plane of the page. 


SAQ 6 Suppose that at some particular instant a proton moves with a speed 
of 2.0 x 10’ ms~! in a direction parallel to a current carrying wire, and at a 
perpendicular distance of 0.1 m from the wire. If the magnetic force experienced 
by the proton is of magnitude 6.4 x 107 +7 N, what is the current flowing along 
the wire? 


Other magnetic fields due to currents 


Using our knowledge of the magnetic field due to a long straight wire carrying a 
steady current, it is quite easy to obtain a good idea of the sort of magnetic field that 
will be created by various other configurations of current carrying wire. 


14 


magnetic field strength of a long 
straight wire 


Figure 16 Imaginary cylindrical 
surfaces surrounding the current. The 
strength of the magnetic field is the same 
at all points on any given cylinder. 


permeability of free space Lo 


b 


Figure 17 The three points referred to 
in SAQ 5. The current in the wire is 
flowing in the direction indicated by the 
arrow. 


current 


Figure 18 A rough approximation to the magnetic field of a circular loop of wire carrying 
a steady current. A more accurate representation of the field is given in Figure 19. 


For example, imagine bending a long straight wire into a circular loop, and passing 
a current around the loop. You can almost imagine moving the circular field lines 
along with the wire so that you might expect to get a magnetic field like that shown 
in Figure 18. In fact, because the magnetic fields created by the various parts of the 
wire have to be added vectorially, the true field pattern of a circular loop carrying a 
steady current is rather different from that shown in Figure 18, but not much different. 
The true field pattern is shown in Figure 19. 


This process of obtaining one field pattern from another can be continued. Suppose 
that a whole set of circular loops, each carrying the same steady current, are placed 
next to one another, as illustrated in Figure 20. What sort:of field pattern do you think 


would emerge in this case? 
i i i i i 
E z = = = Ss 
e—a 


The answer is given in Figure 21. It can be obtained just by combining the fields of 
each of the separate loops, remembering, of course, that the fields add vectorially at 
every point. You can extend this process for yourself to cover two more quite impor- 
tant examples. These are the subjects of ITQs 3 and 4. 


current out of page 


current into page 


Figure 21 Part of the magnetic field due to the current loops shown in Figure 20. Use the 
right-hand method to check the field direction. 


Suppose that the well separated loops shown in Figure 20 are pushed closer together 
and connected electrically, so that they form a single continuous coil, like the one in 
Figure 22. Such a coil is called cylindrical solenoid. 
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Figure 19 An accurate representation of 
part of the field of a circular current loop. 
The diagram only shows the two 
dimensional pattern of field lines in a 
single plane perpendicular to the loop. 

In reality the field lines form a three 
dimensional pattern which can be 
visualized by ‘rotating the pattern shown 
in the figure around the axis of the loop. 


Figure 20 A set of parallel coaxial 
current loops. Each of the circular loops 
is of radius R and is separated from its 
neighbours by a distance a. Each loop 
carries a steady current i. 


k E >| 

Rt V/<((J(YY~({(PfJW{YPy, 

AoAo) N 
Figure 22 A loosely wound cylindrical 
solenoid. Each loop of wire in the 
solenoid is called a turn. So the diagram 
shows a solenoid of length L, and 
consisting of 12 turns of radius R. In 
answering ITQ 3, you should picture a 


solenoid with a large number of narrowly 
separated turns. 
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ITQ 3 By using the fields shown in Figures 19 and 21 as a guide, and without 
performing any detailed calculations, make a rough sketch of the magnetic field 
you would expect to be produced by a steady current in a cylindrical solenoid 
of the same length and radius as the one shown in Figure 22, but tightly wound 
so that the turns are very close together. 


When a cylindrical solenoid is bent into a circle, as shown in Figure 23, the resulting 
shape is known as a toroidal solenoid. What sort of field do you think this will have? 


ITQ 4 Makea rough sketch of the magnetic field you would expect to find 
inside a toroidal solenoid like that of Figure 23. (In this context, ‘inside’ means 
‘within the ring-shaped space enclosed by the turns of wire’.) As in ITQ 3, 
assume that the solenoid has more turns than Figure 23 shows. 


Make sure you consult the answers to these ITQs before reading any further. 


The diagrams you drew in response to ITQs 3 and 4 may not have looked exactly 
like the answers printed near the back of the Unit. For example, you may not have 
realized that the magnetic field inside a long cylindrical solenoid is almost uniform. 
Any small inaccuracies are immaterial as far as the ITQs are concerned; after all, you 
were only asked to make a rough sketch of your expectations. However, discrepancies 
between your answers and the printed versions do serve to highlight one important 
point. They show just how difficult it is to try to base a discussion of magnetic fields 
on diagrams alone. If we really want to deal with magnetic fields accurately, par- 
ticularly when combining them, then we must deal with mathematical descriptions 
of the fields rather than diagrams. Such mathematical descriptions must, of course, 
include information about field strengths as well as directions. 


The process of deriving mathematical formulae for the field strengths corresponding 
to Figures 19 and 21, or for the cases considered in ITQs 3 and 4, is well beyond the 
level of this Course. However, the principles on which that process of derivation is 
based amount to little more than knowing equation 7 and remembering that fields 
add vectorially. Here are three of the mathematical results for the fields we have been 
looking at in this section: 


The magnetic field strength at the centre of the loop shown in Figure 19 is: 


Hol 
=e 8 
aR (8) 
where R is the radius of the loop. 
The magnetic field near the centre of a long cylindrical solenoid is almost uniform. 
Its strength is given by 
_ Ho Ni 
SL 


B 


: (9) 


where N is the number of turns in the solenoid, and L is its length. 


The magnetic field strength at a point that is inside a toroidal solenoid (actually 
within the coils) and at a distance r from the centre of the solenoid (Figure 24) is: 


Ni 
pa” l 


> 1 
2nr (1o) 


where N is the number of turns on the solenoid. 


The three SAQs that follow should convince you that with the aid of equations 7, 8, 
9 and 10, you can deal with some relatively complicated magnetic fields. SAQ 9 is 
particularly tough, and will test your ability to visualize field lines in three dimensions. 


SAQ 7 The cylindrical solenoid shown in Figure 25 is of length 1 m, and 
radius 0.1 m. It consists of 1000 turns of wire carrying a current of 1 A. A 
circular loop of wire, electrically insulated from the solenoid and carrying a 
current of 700 A has been wound around the middle of the solenoid, so that it 
rests on top of the central turn of the coil. (a) What is the magnetic field 
strength at the centre of the solenoid if the current in the circular loop flows in 
the same direction as the current in the solenoid? (b) What is the magnetic 
field strength at the centre of the solenoid if the current in the loop flows in the 
opposite direction to the current in the solenoid? (c) If the current in the 
solenoid always flows in the sense shown in Figure 25, what is the direction of 
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toroidal solenoid 


Figure 23 A toroidal solenoid. This is 
obtained by bending a cylindrical 
solenoid into a circle. 


N turns 


Figure 24 The point P is inside the 
solenoid and at a distance r from its 
centre. Equation 10 applies to such a 
point. 


Figure 25 The cylindrical solenoid 
discussed in SAQ 7. A single loop of wire 
carrying a current of 700 A has been 
wound around the centre of the solenoid. 


3.4 


3.5 


the magnetic field at the centre of the solenoid for each of the cases described 
in (a) and (b)? 


SAQ 8 The magnetic field inside an infinitely long (or, in practice, just a 
very long) cylindrical solenoid is uniform. It is parallel to the axis of the solenoid 
at all points and has a magnitude given by equation 9, with the factor N/L 
interpreted as ‘the number of turns per metre’. Consider an infinitely long 
cylindrical solenoid of radius 0.1 m, with 500 turns per metre, and carrying a 
current of 4 A; work out the magnetic field strength at a point halfway between 
the axis of the solenoid and the windings. 


SAQ 9 Suppose that an infinitely long, straight wire runs along the axis of 
the infinite cylindrical solenoid discussed in SAQ 8. If the current being carried 
by the straight wire is 2x x 10? A, make a rough sketch of the pattern of 
magnetic field lines on an imaginary cylinder of radius 0.05 m that has the 
same axis as the solenoid. What is the angle between the tangent to the field 
lines and the axis of the solenoid? (In TV8, you will see that magnetic fields 
similar to the one considered in this SAQ have important applications.) 


Electric currents and permanent magnets 


Nature seems to provide at least two ways of producing magnetic fields; electric 
currents are one possible source, and permanent magnets are another. Yet, are these 
really two different methods of obtaining the same result, or are the two related in 
some way? Is the field of a permanent magnet perhaps created by unseen electric 
currents circulating within the material of the magnet itself? If so, what is the nature 
of these currents, and where are they to be found? The answers to these questions are 
largely known, but they are complicated. 


Research into the magnetic properties of materials has been, and continues to be, 
one of the most active areas in physics. International conferences entirely devoted to 
magnetism are held on a regular basis, and there is a large annual output of books 
and papers dealing with magnetic materials. The high level of interest in this topic 
shows that there are still many unanswered questions. However, the basic principles 
that explain the origin of permanent magnetism are quite well understood, and have 
been known since the 1920s. These principles show that the most widely known kind 
of permanent magnetism, the magnetism of bar magnets and the like, cannot be 
entirely explained by a pattern of electric currents within the magnet. In part, the 
permanent field of a magnet arises from an intrinsic property of the electrons con- 
tained within the magnet. This intrinsic property is called spin, and it will be discussed 
in more detail in the quantum mechanics block of this Course (Units 14 and 15). 
Quantum theory is essential in any detailed discussion of the spin of the electron. 


Although electric currents are not wholly responsible for permanent magnetism, they 
do play an important role in determining the magnetic properties of some materials. 
These electric currents can be thought of as arising from the orbital motion of 
electrons, as they travel around the atomic nuclei of the material in question. Each 
individual atom constitutes a pattern of tiny electric currents, all of which contribute 
to the overall magnetic properties of the material as a whole. Once again, quantum 
theory is required for a proper discussion of this subject. 


Summary 


In this section we have looked, in some detail, at several of the results that followed 
from Oersted’s discovery that electric currents produce magnetic fields. 


In particular, we saw that the magnetic field due to a long straight wire carrying a 
steady current can be represented by a pattern of field lines in the form of concentric 
circles centred on the wire and perpendicular to it. The magnitude of the field at a 
point that is at a perpendicular distance r from the wire is given by 


Bir) = — 
©) 2mr 
where i is the current in the wire and py is a constant with the exact value 4r x 
10-7 T m A` t. The sense in which the field lines circle the wire may be related to the 
direction in which the current flows along the wire by means of a simple mnemonic 
involving your right hand—the right-hand method. 


(eq. 7) 
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4.1 


More complicated magnetic fields, which arise from the (vectorial) superposition 
of simple fields, were also discussed. The examples considered included the fields 
due to a circular loop, a cylindrical solenoid, and a toroidal solenoid. (You are not 
expected to remember equations 8, 9 and 10, though you may be asked to use them.) 


The section ended with a brief discussion of the origin of permanent magnetism, and 
this stressed the necessity of using quantum mechanics. 


Magnetic forces on current-carrying 
conductors 


Introduction 


Oersted’s discovery, in 1820, that electric currents are a source of magnetic fields 
came at a time when electrical phenomena were only poorly understood. Twenty 
three years had passed since Alessandro Volta had used his primitive battery—the 
voltaic pile—to demonstrate the existence of electric currents, yet at the time of 
Oersted’s discovery, there was still no general agreement about the nature of those 
currents. Oersted himself did not accept the hypothesis that currents consisted of 
moving charged particles, though, as you know from Unit 7, that is in fact the case. 
Amidst all this confusion and uncertainty, it is hardly surprising that the full signifi- 
cance of Oersted’s work was not instantly appreciated. 


When Oersted’s findings were reported to the French Academy of Sciences on 4 
September 1820, the reaction seems to have been a mixture of astonishment and 
scepticism. However, to at least one member of the Academy, the discovery of 
electromagnetism was an inspiration. That Academician was André Marie Ampère, 
and it was mainly he who extended and clarified Oersted’s original breakthrough. 
Ampère realized that if an electric current could act like a magnet (i.e. could produce 
a magnetic field), then two adjacent currents should exert forces on one another, just 
as two adjacent magnets would. This realization led Ampére to a series of discoveries 
spread over a period of just a few weeks in the late summer and early autumn of 
1820. This short period did much to promote the growth and the recognition of the 
new science that Oersted had created. 


In Sections 4.2 to 4.5, we are going to study the forces that are experienced by current- 
carrying conductors in the presence of magnetic fields. To start with, we will investi- 
gate the origin and the nature of the force on a straight current-carrying wire in a 
given magnetic field. We will then go on to look at the case in which the magnetic 
field is due to another current-carrying wire—the case that Ampere investigated. 
Finally, we will discuss the way in which forces between currents are used to define 
the unit of electrical current (the ampere!), and we will touch on some of the many 
applications of the magnetic forces that act on current-carrying conductors. 


Before embarking on our detailed study of the magnetic forces between currents, let 
us pause to define a word that can be used to describe such forces and many related 
phenomena. The new word is electrodynamic; it is used when referring to the pheno- 
mena associated with moving electric charge. For example, the forces between current- 
carrying conductors are electrodynamic forces. The term electrodynamic was first 
introduced by Ampère, who felt that the word electromagnetic was not sufficiently 
general to embrace all of the phenomena discovered after the time of Oersted. It was 
Ampère himself who explained the meaning of the word in the following way: 


‘The word “electromagnetic”, which is used to characterize the phenomena produced 
by the conducting wires of the voltaic pile, could not suitably describe them except 
during the period when the only phenomena which were known of this sort were 
those which M. Oersted discovered, exhibited by an electric current and magnet. 
I have determined to use the word electrodynamic in order to unite under a common 
name all these phenomena and particularly to designate those which I have observed 
between two voltaic conductors [current-carrying conductors]. It expresses their 
true character, that of being produced by electricity in motion, while the electric 
attractions and repulsions, which have been known for a long time, are electrostatic 
phenomena produced by the unequal distribution of electricity at rest in the bodies 
in which they are observed.’ 
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electrodynamic 


4.2 


The force on a current-carrying wire in a magnetic field 


Most types of electric motor, and many other electrical devices, involve parts that 
move because of a simple physical phenomenon: 


When a wire carrying an electric current is located in a magnetic field, a force is exerted 
on the wire. 


You are already in possession of sufficient information to explain this phenomenon in 
quite a detailed way. To do so, is the main aim of this section. What we want to end 
up with is a formula that relates the magnitude and the direction of the force on the 
wire to the current and the magnetic field. 


Picture a long straight wire that carries a steady electric current and is located in a 
uniform magnetic field. Experimentally, such a wire is found to be subject to a force 
that acts perpendicularly to both the wire itself and the magnetic field (Figure 26). 
What is responsible for this force? 


force 
On wire 


B 
(uniform) 


æ current-carrying 
wire 


You already know from Unit 6 that an electric current is nothing more than a flow 
of charged particles. For most kinds of metallic wire, these charged particles are the 
so-called free electrons found within the metal. As electrons travel along the wire 
shown in Figure 26, they are moving through a magnetic field. Thus, as discussed in 
Section 2 of this Unit, the moving electrons are subject to a magnetic force. 


ITQ 5 Write down an expression for the force F „on a single electron moving 
with velocity v through a uniform magnetic field represented by the fixed 
vector B at every point. 


The answer to ITQ 5 is the force F,, on a single electron as it moves along the wire 
shown in Figure 26. If the forces on all of the electrons moving along a given length 
of wire are added together vectorially, then the resultant is the total force that acts 
on the length of wire containing those electrons. So the force on a current-carrying 
wire in a magnetic field simply arises from the combination of the magnetic forces 
on each of the individual electrons that make up the current in the wire. 


Figure 27 shows what is going on inside a length l of the wire we have just been 
discussing. As you can see, because the current is steady, the electrons can be pictured 


direction of 
conventional 
current 
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Figure 26 A current-carrying wire that 
is located in a magnetic field experiences 


a force. The force is at right angles to 
both the wire and the magnetic field. 


Figure 27 A segment of wire of length 
carries electrons through the uniform 
magnetic field B. Each electron has 
velocity v and is subject to the force F n 
worked out in ITQ S. F,, is at right 
angles to both B and v. Note that 


l 


conventional electric current flows along 
the wire-in the opposite direction to that 


in which the electrons move. 
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as being fairly evenly distributed and all moving with the same constant velocity v. 
This last fact, combined with the uniformity of the field, means that the same force 
F,, acts on each of the moving electrons. Thus it is easy to work out the resultant 
force on the piece of wire; all we have to do is multiply F m by the number of electrons 
moving along the piece of wire at any instant. Let us now work out that number. 


In Unit 7, you learnt that when a current i flows along a wire, the net charge Q that 
flows past some particular fixed point in a time t is given by 


Q=it. (11) 


But you also know that a current is due to the movement of electrons. So the charge 
Q that passes the fixed point is entirely due to the net number of electrons that have 
passed the fixed point in time t. Let the symbol N denote the net number of electrons 
that pass the fixed point in time t; then we can write 


Ne = it 
i.e. N=— (12) 


N is not the number we are trying to work out, but it is closely related. In order to 
work out the total force on a length l of the wire, we want to know how many moving 
electrons are contained in the length |. What we have managed to work out is N, the 
number that pass a fixed point in time t. Because we have assumed that the electrons 
are evenly distributed and that they all have the same speed v, it is easy to see that the 
bunch of N electrons must be evenly distributed over a segment of wire of length vt. 
The reason for this is that when the last of the N electrons is passing the fixed point, 
a time t will have elapsed since the passage of the first of the N electrons. Thus, the 
first of the electrons will have moved a distance vt away from the fixed point. The rest 
of the electrons must be spread out between the first and the last electron so the whole 
group must be distributed over a length vt. 


If there are N moving electrons in a piece of wire of length vt, then the number in a 
length l will be: 


I 
number of moving electrons in length / = = N (13) 
v 
Using equation 12 to eliminate N from equation 13 gives 
l 
number of moving electrons in length | = a (14) 
ev 


Multiplying this number by the force on a single electron (ITQ 5) gives the total force 
on a length l of the wire: 


= 


F = — x (—ev x B) 


ev 
Le. F = —il(v/v) x B (15) 


Note that (v/v) is simply a unit vector pointing along the wire in the direction of the 
electron flow, so equation 15 can be simplified by defining a new vector quantity: 


l= —((v/v). (16) 


The magnitude of the vector I is just the length of the particular section of the wire 
that is being considered, and the direction of | is that in which the current flows. 
(Remember that the direction of current flow is opposite to the direction of electron 
flow, that’s why there is a negative sign in equation 16.) Incorporating l into equation 
15 gives: 


F=ilxB (17) 


where F is the force on a section of wire of length l. 


Equation 17 is what we set out to find, a relationship between the force on the wire, 
the current in the wire, and the magnetic field. 


As you can see, equation 17 involves the vector cross product. Section 2 has already 
given you some practice at working out cross products, but because of their impor- 
tance in the rest of this Unit, SAQ 10 has been designed to give you even more 
experience with them. 
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SAQ 10 The three diagrams that make up Figure 28 each show a magnetic B 
field that lies in the plane of the page. Each of the diagrams also shows a 

current of 10 A directed either to the right or left. In each of the three cases, 

work out the magnitude and the direction of the force on a 1 m length of the == 
wire that carries the electric current. 


SAQ 11 Figure 29 shows a rectangular loop of wire that is pivoted so that 


3 ; saps : : =1T 
it can rotate about a vertical axis. Suppose that initially the loop is held with (a) |B| 

its plane parallel to a uniform horizontal magnetic field of magnitude 0.5 T. 

If a current of 2 A flows around the loop in the direction shown in Figure 29, 

work out the magnitude of the magnetic force on each of the four segments of 

the loop. What will happen immediately after the loop is released? B 

60° : 
(b) |B| = 10° T 


Figure 29 The loop ABCD is the B 
one referred to in SAQ 11. It is 
free to rotate about a vertical i 
axis and carries a current of 2A 
in the direction shown on the 
diagram. 


(c) |B| =0.5T 
SAQ 11 has introduced an important property of current carrying, pivoted loops in Figure 28 The three cases to be 
magnetic fields. The tendency to rotate has many practical applications, some of considered in SAQ 10. i = 10 A in each 
which will be discussed in Section 4.5. case. 


The force between current-carrying wires 


We now come to the phenomenon that Ampére discovered; the existence of a force 
between two current-carrying wires. The origin of such a force is easily explained. 
When two current-carrying wires are placed near to one another, each wire will be 
situated in the magnetic field created by the current in the other wire. But from the 
discussion in the last section, you know that a current-carrying wire in a magnetic 
field experiences a force. Thus, each of the two wires will be subject to a force due to 
the presence of the current in the other wire. 


There is one particular arrangement of wires for which it is particularly simple to i, 
calculate both the magnitude and the direction of the force between two currents. A 
That arrangement is shown in Figure 30; it consists of two long straight wires that d 
are parallel to one another and separated by a distance d. In discussing this set-up, 

it is very important not to confuse the two wires, so we will refer to the wiresaswirel wire, @ 

and wire 2, and their respective steady currents will be called i, and i,. Using this 
arrangement, we want to solve the following problem: 


wire 2 


Figure 30 Two long straight wires, 
Problem Find a mathematical expression that gives the force on a length / of running along parallel paths separated 


one of the wires in terms of the currents i, and i, and the distance d. by a distance d. The current in wire 1 is 
i,, and the current in wire 2 is i}. 


The form of the problem that we have set ourselves seems to suggest that we should 
use equation 17: 


F=ilxB (eq. 17) 


But there seems to be a problem: when we deduced equation 17, we were dealing 
with the force on a long straight wire in a uniform magnetic field. We are now treating 
a situation in which we certainly have a long straight wire, in fact we have two, but we 
do not have a uniform magnetic field. Fortunately, this is not really a problem at all. 
If you look back at the derivation of equation 17, you will find that the only assump- 
tion that we were forced to make about the magnetic field was that it has the same 
magnitude and direction at all points on the wire. This is exactly the situation in 
Figure 30, as you can confirm if you recall the kind of magnetic field that is produced 
by a long straight current-carrying wire. 


2A 


To be specific, consider the magnetic field that acts at any point on wire 1 due to 
the current in wire 2. We call this magnetic field B,(d). The strength of the field can 
be worked out from equation 7, and its constant value at all points on wire 1 is given 
by 


Holz 

B,(d) = ond (18) 
The field lines due to i, form concentric circles around wire 2, in planes perpendicular 
to the wire, as shown in Figure 31. So the magnetic field points in the same direction 
at every point on wire 1, and it is always perpendicular to the wire. Now we can use 
equation 17 to work out the force on wire 1. Equation 17 tells us that the force on a 

length l, of wire 1 is 
F, = il, x Bd) (19) 


where l, is a vector of length l; pointing in the direction of the current in wire 1. 


Since B,(d) is always perpendicular to l, it follows from equation 19 that the 
magnitude of F, is 
F, = i,1,B,(d) sin 90° (20) 
Substituting for B,(d) from equation 18 gives 
r= ilo in 
2nd 
It follows that the magnitude of the force per unit length of wire 1, due to the current 


in wire 2, is given by 


Fi = Ho iyla (21) 
l 2nd 


This is the answer to the problem that we set out to solve. Strictly speaking, the 
validity of equation 21 requires that the two wires should be in a vacuum, but to a 
very good approximation, the formula remains true when there is air between the 
wires. 


Now that we have considered the magnitudes of the forces between two parallel 
currents, let us turn to the directions of those forces. Ampére investigated this 
question experimentally. He found, perhaps rather surprisingly, the following: 


When the currents i, and i, are flowing in the same direction, the force on each 
of the wires is directed towards the other wire. In other words, like currents 
attract. 


On the other hand, when i, and i, flow in opposite directions, the force on each 
of the wires is directed away from the other wire. In other words, unlike currents 
repel. 


Surprising or not, these results follow directly from equation 19. If you point the 
thumb of your right hand in the direction of the current i, in Figure 31, and curl your 
fingers you can confirm that the magnetic field B,(d) acting on wire 1, points in the 
direction shown. Remembering that I, points in the direction of current i}, and using 
the right-hand rule for vector cross products, you should be able to see that the force 
F,, as given by equation 19, points towards wire 2. By repeating this process but 
starting with wire 1, you should also be able to convince yourself that the force on 
wire 2 is directed towards wire 1. Thus, wire 1 and wire 2 are attracted to one another. 


ITQ 6 Without spraining your wrist, show that when i, and i, flow in 
opposite directions the two wires repel one another. 


Heavy duty cables used in certain engineering applications sometimes consist of 
several individual conducting strands, separated by relatively narrow gaps and 
wrapped in an insulating sheath. The designers of such cables have to bear in mind 
the forces that can arise within them. 


SAQ 12 Figure 32 shows a simplified (and impractical) model of a three 
strand cable. It consists of three long, straight, parallel conductors of negligible 
cross-section, each carrying a current of 10° A in the same direction. What is the 
magnitude and the direction of the force on a 1 m length of strand A, due to 
the currents in strands B and C? 
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Figure 31 The magnetic field due to i, 
forms concentric rings round i,. At any 
point on wire 1, the field due to i, has the 
same magnitude and direction, and is 
denoted by B,(d). Note that B,(d) is 
perpendicular to wire 1. 


Figure 32 The three strands, A, B and C, 
of the cable referred to in SAQ 12. Each 
of the strands is perpendicular to the 
plane of the page and carries a current of 
10° A into the page. A distance of 

2 x 10°? m separates each strand from 
the other two. 


4.4 


4.5 


SAQ 13 Suppose that solenoid 1 in Figure 33 is rigidly fixed in position, and 
that you are holding solenoid 2 in your hands. Would you feel any force, and 
if so in what direction? What would you feel if the currents in both solenoids 
flowed in the opposite directions to those shown in Figure 33? 


solenoid 2 (held by you) 


solenoid | (fixed) 


Defining electrical units 


It is perhaps rather surprising to learn that the whole system of units used in making 
electrical measurements is not based on the coulomb, but rather on the ampere. The 
reason for making the ampere the basic unit, in preference to the coulomb, is a very 
practical one; it is easier to make accurate measurements of currents than it is to 
accurately determine charges. 


The ampere is defined in the following way: 


One ampere is that steady current which, if present in each of two straight parallel 
conductors of infinite length placed one metre apart in a vacuum, causes each con- 
ductor to experience a force of magnitude 2 x 1077 N per metre of its length. 


You can check for yourself that this definition accords with equation 21. Having 
defined the ampere in this way, it is a simple matter to give a precise definition of the 
coulomb: 


One coulomb is the net quantity of charge that passes a fixed point in a wire in one 
second, when a current of one ampere flows along the wire. 


As you can see, the definition of the coulomb is based on the definition of the ampere, 
but the definition of the ampere is expressed entirely in terms of mechanical quantities 
such as forces and distances. 


Applications of the forces on current-carrying 
conductors 


A great deal of effort has been devoted to the ingenious exploitation of electro- 
dynamic forces over the past century and a half. This section examines two of the 
devices that have emerged from that effort; the ammeter, and the electric motor. 


The ammeter 


Ammeters are devices that measure electric currents; you used an ammeter for this 
purpose in the Home Experiment in Unit 7. Many kinds of ammeter are in use 
today, but one of the most common types is the moving coil meter. Figure 34 provides 
a schematic view of the basic features of such a meter. (A more realistic picture of a 
moving coil meter is given in Figure 35.) A major component of the meter is a 
rectangular coil of wire, supported between the pole pieces of a magnet. The coil is 
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Figure 33 The two solenoids discussed 
in SAQ 13. The arrows show the 
direction in which electric currents flow 
through the solenoids. 


ampere A 


coulomb C 


moving coil ammeter 


Figure 34 A simplified and unrealistic 
view of what goes on inside an ammeter. 


23 


supported in such a way that it can rotate about a vertical axis, though its freedom 
to move is restricted by a spring. The current being measured is fed into the coil by 
two wires, which do not hamper its rotation. 


When there is no current through the meter shown in Figure 34, the coil sits in its 
resting position, its plane aligned with the magnetic field. However, when a current 
flows through the meter, the vertical segments of the coil are subject to forces that 
tend to rotate the coil. (Remember SAQ 11?) In response to these forces, the coil 
turns until it is stopped by the increasing tension in the spring. The larger the current 
through the meter, the greater the forces on the coil, and the greater the angle through 
which the coil rotates before being stopped. Thus, the angular deflection of the coil 
provides a measure of the current through the meter. 


In practice, the crude system shown in Figure 34 would make a very inconvenient 
kind of ammeter. Real meters include a number of refinements, as shown in Figure 
35. The most important of these improvements is that the magnetic field is arranged 
in such a way that it is very nearly in the plane of the coil, irrespective of the angle 
through which the coil has rotated. Because of this, the force on each of the vertical 
sections is always perpendicular to the coil, and has a constant magnitude given by 


F = BilN, (22) 


where B is the magnitude of the magnetic field, i is the current being measured, l is 
the height of the coil, and N is the number of turns on the coil. 


Thinking back to the discussion of rotation in Unit 4, you should realize that the 
oppositely directed forces on the two vertical coil segments exert a torque of 
magnitude 


P = BilNw (23) 


where w is the width of the coil. The spring that is used to arrest the rotation provides 
a counterbalancing torque, which has a magnitude that is directly proportional to 
the angle through which the coil rotates. Thus, if the angle of deflection is 0, then the 
torque due to the spring is of magnitude T pring = kO where k is a constant. It follows 
from the conditions of rotational equilibrium, given in Unit 4, that the coil will stop 
rotating when 


dF ridge = Geail ie. when kô = BilNw. 
Rearranging this shows that 


ko 
’ = BNIw 


Thus, the current being measured is directly proportional to the angle 0. So the 
scale in Figure 35 can be graduated in divisions of equal size—something that would 
not have been possible for the simplified meter shown in Figure 34. 


A moving coil ammeter can easily be converted into a voltmeter by adding a large 
resistor in series with the moving coil. The deflection of the coil remains proportional 
to the current through the meter, but with a large resistor in place, that current is 
proportional to the potential difference across the resistor. 


The electric motor 


Figure 36 shows a schematic view of a simple electric motor. As you can see, in 
many respects it is quite similar to an ammeter. Basically, the motor consists of a 
current carrying coil of wire supported between the poles of a magnet in such a way 
that it is free to rotate. As current flows around the coil, forces arise that cause it to 
rotate, just as the ammeter coil is forced to rotate. However, in the case of the motor 
there is no spring to stop the rotation. 


In an electric motor, the coil is required to rotate continuously, so it is not possible 
to feed the current into the coil through two fixed wires; they would become twisted 
together during the operation of the motor. Instead, a system of sliding contacts is 
used. Each end of the wire that makes up the coil is attached to a metal collar shaped 
like half a ring. The two collars are separated by a small gap, and they rotate with 
the coil. As the coil turns, the collars slide against two fixed electrical contacts called 
brushes. These feed electrical current into the turning coil via the collars. The result 
of this arrangement of collars and brushes is that by the time the coil has rotated 
through 180° from the position shown in Figure 36, the sense (i.e. direction) in which 
the current flows around the coil will have been reversed. This is highly desirable, 
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magnetic 
field 
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cylinder 


Figure 35 A more realistic view of the 
interior of a moving coil ammeter. The 
coil is wound on to a cylindrical soft iron 
core and the pole pieces of the magnet 
are specially shaped. These changes mean 
that the field is always nearly in the plane 
of the coil. 


electric motor 


brush contacts 


4.6 


axis of 
rotation 


pivot 


coil 


collar 


brush 
current 


because it means that despite rotating through 180° the forces on the coil are un- 
altered. Thus, the reversal of current allows the coil to continue turning in its original 
direction. 


SAQ 14 Suppose that the coil shown in Figure 36 is square in shape, with 
sides of length 0.1 m. Also suppose that the current being fed into the coil is 
4A, and the uniform magnetic field between the poles of the magnet has a 
magnitude of 0.5 T. If the coil consists of 50 turns, what is the maximum 
magnitude of the torque causing the coil to rotate? 


Summary 


Electrodynamics is the study of the phenomena associated with moving electric 
charge. These phenomena include the production of magnetic fields by electric 
currents, and the forces that arise between currents due to their magnetic interaction. 


A long straight wire carrying a current i through a uniform magnetic field B ex- 
periences a force due to the action of the field on the moving electrons that constitute 
the current. The force on a section of the wire of length / is 


F=ilxB (eq. 17) 


where l is a vector of magnitude l, pointing in the direction in which the current flows 
along the wire. 


When two long straight wires are laid along parallel paths separated by a distance 
d in a vacuum, the force acting on a length / of either of the wires has a magnitude F, 
given by 


= Ho isi! 
2nd 


where i, and i, are the currents flowing in the two wires. If the two currents flow in 
the same direction, the wires are attracted towards one another. If the currents flow 
in opposite directions, the wires are repelled. 


The force between two current carrying wires is used to define the ampere, which is 
the basis of the whole system of electrical units. 


Electrodynamic forces, such as those experienced by current-carrying wires in 
magnetic fields, have many applications. These include such invaluable devices as 
ammeters, voltmeters, and electric motors. 
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Figure 36 A simple electric motor. The 


coil rotates about a horizontal axis. 
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5.1 


5.2 


PART B PARTICLES IN FIELDS 


The motion of particles in electric and 
magnetic fields 


Introduction 


Great care has been taken throughout Units 6, 7 and 8 to stress the nature of fields. 
Among other things, fields provide a useful way of describing certain kinds of force. 
Gravitational, electric and magnetic forces are all examples of forces that are best 
described in terms of fields; they all have the property of acting on a suitable kind of 
particle wherever it may be located in the region occupied by the field. A good way of 
gaining an even better understanding of the nature of fields is to get to know exactly 
how they affect the particles on which they act. Providing such knowledge is the 
main aim of this section. 


Everyone possesses an intuitive grasp of the way in which objects move under the 
influence of the Earth’s gravitational field. We are all aware that a fragile glass, when 
dropped, will fall to the ground and break. You may not have realized, until you 
read Unit 2, that an object thrown through the air follows a nearly parabolic path, 
but that has probably never prevented you from catching such an object. The catch 
is made instinctively, without the aid of Newton’s laws. This intuitive understanding 
of motion under gravity simplifies the task of coming to terms with the scientific 
concept of a gravitational field. 


Despite your familiarity with the effects of gravitational fields, you have probably 
never had to develop a similar feeling for the behaviour of charged particles in electric 
and magnetic fields. This section attempts to fill that gap in your intuition. Later in 
this Unit you will find that such a feeling for fields has several applications. For 
example; it will enable you to understand processes that take place in the upper parts 
of the Earth’s atmosphere, and it will also explain some of the problems that must 
be overcome in the quest for new ways of generating electricity. 


The Lorentz force 


To understand the motion of particles in fields, it is essential to know the forces that 
act on the particles. So, let us begin by recalling equations 1 and 5, which describe 
the forces exerted on charged particles by electric and magnetic fields. However, 
rather than rewriting the two equations in their original form, we will use the vector 
notation that was used in Unit 6. In particular, instead of referring to a point in space 
by its position coordinates (x,y,z), we will use the position vector r. This means that 
(x,y,z), the electric field at the point (x,y,z), will be written &(r), where r = (x,y,z). 
Of course, this change in notation has no effect on the field itself. We have done 
nothing more than modify the way in which we denote the point at which the field is 
specified. Using this compact notation, it follows from equation 1 that the electric 
force on a charge q at the point r (Figure 37) is 


Fa = g&(r) 


Similarly, writing B(x,y,z) as B(r), it follows from equation 5 that the magnetic force 
on a charge q that has velocity v as it moves through the point r (Figure 38) is: 


Fm = qv x B(r) 


SAQ 15 Explain the difference. between B(r) and each of the following 
quantities: B(x,y,z), B(r), and B(x,y,z) 


Having been reminded of the expressions for F „ and F,,, it is not difficult to see that 
the total force exerted on a particle of charge q moving with velocity v through a 
point r, at which there is both an electric field &(r) and a magnetic field B(r), is given 
by 


F=F, + Fi 
Le. F = q(&(r) + v x B(r)). (24) 
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Figure 37 A particle of charge q at the 
point (x,y,z) (with position vector r), in 
the presence of an electric field &(r), 
experiences an electric force F. 


F,,= qu x B(r) 


magnetic 
field lines 


x 


Figure 38 A particle of charge q, 
moving with velocity v through the point 
r, in the presence of a magnetic field B(r), 
experiences a magnetic force F n. 


5.3 


Equation 24 simply brings together equations 1 and 5, two of the most important 
equations to emerge from our discussion of fields—equations 1 and 5 were used to 
define the fields. Clearly, equation 24 is of great importance. Indeed, it is of such 
importance that it is given a special name—it is called the Lorentz force rule. This rule 
will provide the basic information needed in this section, and the next, and in TV8, 
which forms part of this Unit. The Lorentz force rule will also play an important part 
in Section 8—it’s well worth remembering! 


F=q(é(r) +x Be) | (eq. 24) 


Motion in uniform fields 


The simplest kind of electric or magnetic field is a uniform one. A uniform field has 
the same magnitude and direction at each point. In this section, we will use the 
Lorentz force rule to investigate the motion of a particle in two cases—first, when 
moving through a uniform electric field, and secondly, when moving through a 
uniform magnetic field. 


Motion in a uniform electric field 


You have already met one important experiment that involved a particle in a 
uniform electric field—the Millikan oil drop experiment, described in Unit 6. In that 
case, the electric force due to the uniform field between two charged metal plates was 
used to prevent an oil drop from falling under the influence of gravity. Let us now 
consider how such a drop would behave if there were no gravitational force. 


Suppose that two charged plates are used to set up a uniform electric field that is 
represented by the same constant vector & at each point between the plates. The force 
acting on a particle or droplet with charge g, moving through the field with velocity 
v (Figure 39) is given by the Lorentz force rule with B(r) = 0 and &(r) = @: 


F=qé (25) 


As you can see the force is independent of both the velocity and the position of the 
particle; neither v nor r appear in equation 25. It follows from Newton’s second law 
(F = ma) that the constant force written in equation 25 gives the particle a constant 
acceleration, independent of position and velocity. This constant acceleration, 
is in the same direction as the electric field and is given by 

are (26) 


m m 


where m is the mass of the particle. 


You already know how to solve problems involving constant acceleration. Such 
problems arose several times in Units 2 and 3, where it was shown that a projectile 
moving with constant acceleration follows a path that is described by a special kind 
of curve known as a parabola (Figure 40). The simplest way to treat problems in- 
volving constant acceleration is to regard the velocity v as the sum of two other 
vectors; one parallel to the field, and the other perpendicular to it. In this Unit, the 
part of v that is parallel to the field is denoted v}, and the other part, that perpen- 
dicular to the field, is written v, . So the total velocity v can be written in the following 
way: 
v=v +v 


Figure 40 shows the result of resolving v in this way at three points, A, B and C, on 
the parabolic trajectory of a particle that sets out from point A with velocity v,. If 


S271 UNIT 8 


Lorentz force rule 


Figure 39 The force on a (positively) 
charged particle in an electric field. The 
velocity of the particle has no influence 
on the force. 


Figure 40 Parabolic trajectory of a 
(negatively) charged particle in a uniform 
electric field. Note that: via = Vip = Vics 
and that s is the displacement from 

A to B parallel to &. 
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we really understand the motion of such a particle, we should be able to predict the 
magnitudes v) and v, at any point on the trajectory, provided that we know the initial 
magnitudes va and v, 4 at point A. To show that we can make such predictions, we 
will now work out the values of UV), and v,g, using some of the results obtained in 
Unit 2. 


It is easy to predict the magnitude v | p, because v, has been defined in sucha way that 
it is perpendicular to the acceleration and is thus unaffected by the electric field. In 
other words, v, remains constant in both magnitude and direction throughout the 
motion of the particle. 


So v, = a constant vector 
therefore Vip = Via (27) 


Predicting the magnitude vg is not quite so simple, but it can be done with a little 
more work. The constant acceleration q&/m is parallel to v SO it tends to change the 
magnitude of v). A detailed knowledge of the way in which v alters as the particle 
moves along its trajectory can be obtained from the constant acceleration equations 
given in Unit 2 (modified in the case of the middle equation to a generalized vectorial 
formy; v=u+at vV=u +2a:s s= ut + tar? 

To apply these equations to Figure 40, we simply replace the vector a by the ap- 
propriate expression for the acceleration. For the case shown in Figure 40, the a 
must be replaced by q&/m. If the time taken to travel from A to B in Figure 40 is t, 
and ifs, is the displacement from A to B measured parallel to & then: 


që 
ViB = Dia Se (£) 
m 


që 
vis = via + (£) ‘si (28) 


& 
Si = vat + {i)e 
m 


Equations 27 and 28 make it possible to work out the value of v at any point on the 
parabolic trajectory, provided the initial value v, is known. By using equations 27 
and 28, you can already deal with a wide range of problems concerning the motion 
of a charged particle in a uniform electric field. To convince yourself of this, try all 
five parts of the following SAQ. 


SAQ 16 Figure 41 shows a device in which a beam of particles, all of the 
same mass, 9.11 x 107?! kg, but some with charge +e and others with charge 
—e, is split up into two beams, each consisting of particles of identical charge. 
As the particles approach the device, they are all moving horizontally with 
speed 5 x 10’ms~*. On passing A, they enter a region of length 0.5m in 
which there is a uniform vertical electric field of magnitude 2.85 x 10* V m~ !. 


positive particles 


parabolic trajectory travelling ina 
of positively charged straight line 
particles 


angle of deflection 


incident beam 
travellin à : 
horizontally Figure 41 A device for separating 


< 0.5m > positive and negative particles in a beam. 


Neglecting the influence of the Earth’s gravity, answer the following questions. 
(a) How long does each positive particle spend travelling from A to B? 
(b) What is the magnitude of the vertical component of the velocity of a 
positive particle when it passes B? (c) What is the speed of a positive particle 
when it passes B? (d) Through what angle has a positive particle been de- 
flected when it reaches B? (e) What happens to a negatively charged particle 
when it passes through the device? 
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Motion in a uniform magnetic field 


Having dealt with motion in a uniform electric field, we can now turn to the problem 
of motion in a uniform magnetic field. Once again it is useful to regard the velocity v 
as the sum of two vectors v) and v, , which are respectively parallel and perpendicular 
to the field. Of course, this time the field in question is a magnetic field, represented 
by the same constant vector B at all points. 


Figure 42 shows a particle moving in a uniform magnetic field, but the field itself is 
represented in what may be an unfamiliar way, so a little explanation is required. 
Imagine that the page on which Figure 42 is printed is held at right angles to a 
uniform magnetic field B. Further, suppose that the magnetic field lines, all of which 
are perpendicular to the paper, are directed into the page. It is conventional to 
represent the point at which each field line passes into the page by a small cross. You 
can think of each cross as the tail of the arrow normally used to indicate the direction 
of the field line. Thus, a uniform magnetic field, perpendicular to the paper and 
directed into the page, is represented by a regular pattern of small crosses. This is 
precisely what is shown in Figure 42. 


In addition to a magnetic field, Figure 42 also includes a particle of charge q, moving 
in a rather special way. The initial velocity of the particle is entirely at right angles 
to the magnetic field, so v = 0 and v = v,. Understanding the subsequent motion 
of such a particle is a valuable first step towards solving the general case when both 
v, and v are non-zero. What effect do you think the magnetic field will have on the 
motion of the particle in Figure 42? Will it continue to move in the plane of the page? 
Will its path be a straight line, or will it move along some kind of curve? To answer 
these questions, we must investigate the force acting on the particle and the accelera- 
tion that the force produces. 


ITQ 7 Pencil an arrow on Figure 42, showing the direction of the accelera- 
tion experienced by the particle as it moves through the magnetic field. You 
should assume that the charge q is positive. 


The arrow you have drawn should be at right angles to the initial velocity v, of the 
particle. The effect of such an acceleration is to change the direction of motion of the 
particle without altering its speed. As the direction of the velocity changes, so does 
the direction of the acceleration; the velocity and the acceleration are always per- 
pendicular in this case, in accordance with the magnetic part of the Lorentz force 
tule. 


Can you recall another situation in which a particle was subject to an acceleration 
of constant magnitude that always acted at right angles to the velocity of the particle? 
You should be able to do so. You met a similar situation in Unit 2, when circular 
motion was being discussed. The particle shown in Figure 42 will move at a constant 
speed v, around a circle in the plane of the page. Such a circle is shown in Figure 43 
where it has been assumed that the particle is positively charged. 


ITQ 8 Ifthe sign of the charge on the particle shown in Figure 43 is reversed, 
so that q is negative, what will the orbit look like? Pencil the orbit of the 
negatively charged particle on Figure 43. 


For a complete description of the motion of the particle shown in Figure 42, it is not 
enough to know that the orbit is circular; we also want to know the radius R of that 
circle. Fortunately, it is easy to work out the size of the circle. The magnitude of the 
acceleration needed to keep a particle with speed v, in a circular orbit of radius R is: 


vi 29 
a= (29) 
The force necessary to maintain this acceleration must be supplied by the magnetic 
part of the Lorentz force, so if the particle has mass m, we can use Newton’s second 
law (F = ma) to write: 


F |q|v,B sin 90° 
m = m 


(30) 


(The right hand side of this equation has come from equation 6 for the magnitude of 
the magnetic force.) A factor of sin 90° has been included in equation 30 because v, 
is perpendicular to B. Of course, sin 90° = 1, so equating the expressions for a given 
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Figure 42 A uniform magnetic field 
directed into the page. v, is the initial 
velocity vector of a particle of charge q 
moving in the plane of the page. 
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Figure 43 The circular orbit of a 
positively charged particle, initially 
moving in a plane perpendicular to the 
direction of a uniform field. 
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in equations 29 and 30 implies that 


Rearranging this, we get: 


(31) 


We have now completed our analysis of the motion of a particle that initially moves 
perpendicular to a uniform magnetic field B. The particle travels with constant speed 
v, around a circular path in a plane perpendicular to the magnetic field. The radius 
of the circular path is given by equation 31. 


SAQ 17 (a) What is the radius of the orbit of an electron that moves with 
speed 1.38 x 10’ms~ ',at right angles to a uniform magnetic field of magnitude 
one tesla? (b) How long does it take the electron to make one complete 
orbit? 


The curved paths followed by charged particles moving through magnetic fields can 
actually be recorded on film by using a device called a bubble chamber. At the centre 
of a modern bubble chamber is a large liquid-filled vessel situated within a magnetic 
field. The liquid is usually something exotic, like liquid hydrogen, which has a very 
low boiling point (20.4 K above absolute zero). The chamber is arranged in such a 
way that elementary particles, such as protons and electrons, pass through the liquid 
when it is just above its boiling point, but before bubbles of vapour have had time to 
form. A charged elementary particle, moving through the chamber, leaves behind it a 
trail of vapour bubbles that can be photographed, thus providing a visual record of 
the curved path of the particle as it travelled through the magnetic field. Figure 44 
shows a typical example of a bubble chamber photograph. Because of the magnetic 
field, negatively charged particles veer to the right as they move through the chamber, 
while positively charged particles are deflected to the left. By measuring the radius 
of the curved path and using equation 31, it is possible to determine the value of the 
product mv ,/|q| for each of the detected particles. This information helps to identify 
the kind of particle that produced each track. 


Having studied the circular motion of a particle that initially has v = 0, we can now 
move on to the general case in which the particle moves in an arbitrary direction with 
respect to a uniform magnetic field. In this general case, the velocity of the particle 
is given by 
$ v= v +v. 
So, the force on the particle due to the magnetic field is 
F=qvuxB=q(v,+0))xB 
This equation can be rewritten in the following way 
F = qv, x B+ qv, x B 


which shows that the force on the particle consists of two parts. The first part, given 
by the term qv, x B has just been investigated; it leads to circular motion in the 
plane perpendicular to B. But what does the second part, qv) x B, represent? The 
answer is simple; zero. Remember that v, is defined to be parallel to B, so the angle 
between the two vectors is 0°. Thus, the magnitude of the second term is zero, 
because it is proportional to the sine of the angle between v, and B, which is zero. 
So, even in the general case, the force has no component parallel to B and will not 
accelerate the particle along the field. The consequence of this is that v) will remain 
constant and retain its initial value throughout the motion of the particle. 


Thus, in the general case, the path of the particle is the result of combining the 
circular motion perpendicular to the field with a steady movement parallel to the 
field. Such a path is called a helix, and is shown in Figure 45. A helix is similar in 
shape to a coiled spring, and is sometimes loosely referred to as a spiral. In the case 
of the charged particle in Figure 45, the radius of the helix is: 


mv, 


R= (eq. 31) 
iq/B x 


and the axis of the helix is parallel to the direction of the uniform magnetic field. 
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Figure 44 A bubble chamber 
photograph. Kinks in the otherwise 
smooth curves show the points at which 
particles were created, decayed or under- 
went collisions. Neutral particles leave no 
tracks. 


B 
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x x x x 
B 
x x x 
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Figure 45 Helical path of a particle in a 
uniform magnetic field. Diagram (a) 
shows a perspective view of the helix. 
Diagram (b) shows the same helix viewed 
from above. The diagrams assume that 
the particle is negatively charged. 
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SAQ 18 Suppose that the electron introduced in SAQ 17—moving in a 
magnetic field of magnitude 1 T—initially has a speed 1.95 x 107 m s~ !, and 
moves at 45° to the field lines, as illustrated by Figure 46. What is the vertical 
distance d through which the particle moves during the time it takes to execute 
one ‘twist’ of the helix? 


lines of B 


Thomson's e/m, experiment 


The discussion of motion in a uniform electric field opened with a reference to 
Millikan’s oil drop experiment of 1911. Millikan’s experiment provided the first 
reliable determination of the charge carried by an electron (—e). This section is 
devoted to an even earlier experiment that was first performed in 1897 by the British 
physicist J. J. Thomson. He measured the magnitude of the so-called charge to mass 
ratio of the electron, that is the quantity e/m., where m, is the mass of the electron. 
The technique described below is not that actually used by Thomson, but it illustrates 
the principles of the experiment and in particular the key role played by uniform 
electric and magnetic fields. 


Figure 46 Helical path of a (negative) 
electron in a uniform magnetic field. 
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fluorescent Figure 47 Thomson’s apparatus for the 
screen determination of e/m,. 


A schematic diagram of Thomson’s apparatus is given in Figure 47. Electrons are 
emitted at C and accelerated along an evacuated glass tube by an electrode A, which 
is at a positive potential relative to C. Those electrons that manage to pass through 
the hole in disc D are shielded from A and cease to accelerate; they constitute an 
electron beam moving along the tube with a constant speed v. After passing between 
two metal plates and two coils, the electron beam falls on a fluorescent screen and 
creates a spot of light that can be observed. The determination of e/m, with this device 
is carried out in two steps. 


plate G 


Figure 48 Trajectory of electrons 


ale pare with passing through the uniform fields & and 
& and B balanced B. The crosses indicate magnetic field 
ae lines directed into the page. Electric field 
=s lines are shown as vertical lines. 
electron beam (Remember, F. = —e& and 
with £= 0 F,, = —ev x B for electrons.) 


In the first part of the experiment, the plates G and H are uncharged, but a uniform 
magnetic field B, acting at right angles to the beam, is created by currents in the two 
coils. Electrons entering the magnetic field with speed v are forced to move along 
part of the circumference of a circle, as shown in Figure 48. An expression for the 
radius R of the circle can be obtained from equation 31: 


R= (32) 


The experimental value of R is determined by observing the deflected position of the 
spot on the screen, and using the known dimensions of the apparatus together with 
some simple geometry. So the first part of the experiment yields a value for R. 


In the second part of the experiment, a uniform electric field is established between 
the plates G and H. This electric field is at right angles to both the electron beam and 
the magnetic field. The strength of the electric field is adjusted until the spot falls on 
the centre point of the screen. When this happens, the magnitude of the upward 
force that the electric field exerts on the electrons is exactly equal to the magnitude 
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of the downward force due to the magnetic field. Putting this into mathematical 
terms, 


eé = eB (33) 
Using equation 33 to eliminate v from equation 32 and rearranging shows that: 


e E 

m, RB? 69 
The field strength B in this equation can be worked out by measuring the current in 
the coils. The value of é is also easily determined by measuring the potential difference 
between the plates and dividing by their separation. Since R was measured in the 
first part of the experiment, it follows that everything on the right hand side of 
equation 34 can be determined, and the value of e/m, can therefore be calculated. 


Using a method very similar to this, Thomson was able to obtain a value for e/m, that 
is not far from the currently accepted value, which is 


© = 1.759 x 10! Ckg7! 

Me 
It was the combination of Thomson’s result for e/m., and Millikan’s determination 
of the electron’s charge that provided the first reliable estimate of the mass of the 
electron m.. Thomson probably found the large numerical value of e/m, rather 
surprising. It is much larger than the charge to mass ratios of ionized atoms (atoms 
that are electrically charged because one or more of their electrons have been stripped 
away). In fact, by assuming that an ionized hydrogen atom has a charge of the same 
magnitude as that of an electron, Thomson himself deduced that the hydrogen atom 
was about 2 000 times more massive than the electron, long before the mass of the 
electron was known with any great precision. This was an important step forward in 
the development of atomic physics—a theme that will be taken up again in Unit 13. 


Motion in non-uniform fields 


Not surprisingly, the motion of a charged particle in a non-uniform field tends to be 
much more complicated than that in a uniform field. Despite the extra complexity, 
the ideas developed in Section 5.3 can still be used to analyse some of the problems 
that arise when dealing with non-uniform fields. Following this line of attack, we 
will now investigate the motion of charged particles in two special kinds of non- 
uniform magnetic field. 


The magnetic mirror 


In any non-uniform magnetic field, there will be some regions in which the field is 
stronger or weaker than in others. Figure 49 shows an example of this, a field that 
increases in strength from left to right. The gathering together of the field lines 


coil 


lines of B(r) 


indicates the increasing field strength. A positively charged particle that enters from 
the left with velocity v = v, + v, will initially find itself in a region in which the 
magnetic field is almost uniform, and will start to follow a helical path. The radius R 
of the path will be given by 


_ mv, 
qB(r) 


(35) 
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Figure 49 A magnetic mirror—a 
magnetic field that increases in strength 
towards the right. Such a field can be 
created by two coils. 


Note that the field strength at the point r is now written B(r) and not just B. This is 
because the field is no longer uniform; the field strength is still a scalar quantity, but 
it varies from point to point. 


What will happen to the path of the particle as it enters the region of increasing field 
strength? The answer is shown in Figure 50. As you can see, the stronger field produces 
two effects: the radius of the helix gradually decreases, and the angle between the 
velocity vector of the particle and the magnetic field increases, approaching a right 
angle. In other words, the helix becomes tighter and flatter *. Both of these effects can 
be explained without too much difficulty. 


The first of the two effects, the shrinking radius, is to be expected because the stronger 
field turns the particle in a ‘tighter’ circle. This can also be seen mathematically; an 
increasing value of B(r) in equation 35 implies a decreasing value of R. The second 
effect, the flattening of the helix, can be explained by appealing to the Lorentz force 
rule. If you think about the force experienced by a positively charged particle as it 
moves through the point marked D on Figure 50, you should be able to see that 
because of the direction of the magnetic field, the Lorentz force has a part that is 
pointing towards the left. This part of the force is shown in Figure 51, where it is 
called Fier. In fact, if you use the right-hand rule to work out the direction of the 
Lorentz force at any point on the helix, you will find that the gathering together of the 
field lines always gives rise to a leftward pointing force that tends to push the particle 
to the left, away from the region in which the field is strongest. The effect of this force 
is to decelerate the particle as it moves towards the right. Thus, the particle makes less 
and less progress towards the right during each successive twist of the helix. So, the 
orbit becomes flatter, as shown in Figure 50. 


Because of the force Fer pointing towards the left in Figure 51, there will be a point 
on the trajectory of the particle at which motion to the right ceases altogether. This 
point is called the mirror point. The exact location of the mirror point on any given 
trajectory will depend on the strength of the magnetic field, the mass and charge of 
the particle, and the velocity with which the particle enters the region of non-uniform 
field. The larger the initial value of v/v, (for a given value of v), the further the particle 
will penetrate into the strong field region before its motion to the right is halted. Even 
when the particle of Figure 51 reaches its mirror point, it is still acted on by a force 
with a component that points towards the left, so after passing through the mirror 
point the particle will start to move towards the left, returning to the region whence it 
came, as shown in Figure 52. In a sense, the mirror point ‘reflects’ the motion of the 
particle—that’s why it’s called the mirror point! 


* To describe these two effects in yet another way, we can say that the ‘spring’ shaped helical 
path of the particle has both a smaller radius and is more ‘compressed’ on the right of Figure 
50 than on the left of Figure 50. 
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Figure 50 Motion of a positively charged 


particle in the field shown in Figure 49. 
Note that at point D the velocity is 
mainly directed into the page, and that 


the magnetic field has a part that points 


towards the bottom of the page, as well 
as a part that points to the right. 


Figure 51 The Lorentz force F at the 
point D can be regarded as the sum of 
two forces. One force is towards the 
left, denoted Feri in the diagram. The 
remaining part of F is called Faswn 

so F = Free, ae | pee 


mirror point 
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mirror 


A field of the kind depicted in Figure 49, a field that ‘reflects’ the motion of a particle, 
is known as a magnetic mirror. Such fields can arise naturally, as you will see in Section 
6, but they have also been the subject of many laboratory experiments. Interest in 
magnetic mirrors arises from the fact that a pair of them can be used to trap charged 
particles by means of successive reflections. Such traps are called magnetic bottles 
(Figure 53), and it is hoped that they may be used to contain material which is so 
hot that it would burn through any kind of solid vessel. This subject is discussed in 
greater detail in TV8, the television component of this Unit. 


Transverse drift 


Another example of a non-uniform magnetic field is shown in Figure 54; the field 
increases in strength towards the top of the page. The field lines are perpendicular to 
the plane of the page and directed out of the paper. Points at which the field lines 
emerge from the page are indicated by dots, which can be thought of as the pointed 
tips of the arrows normally used to indicate the direction of the field lines. (Contrast 
this convention with the one used in Section 5.3 to represent a magnetic field directed 
into the page.) 


Suppose that a charged particle is initially moving in the plane of Figure 54 with 
velocity v, , perpendicular to the field lines. You should be sufficiently familiar with 
this situation by now to realize that the Lorentz force acting on the particle does not 
have a component pointing out of the page. Consequently, the particle will continue 
to move in the plane of Figure 54. The path followed by the particle as it moves across 


the page is shown in Figure 55, in which it is assumed that the particle is negatively 
charged. 
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Figure 52 Reflection of motion at a 
mirror point. The (positive) particle enters 
from the left, travelling towards the 
region of high field strength. The helical 
trajectory becomes ‘tighter and flatter’ 
until the mirror point is reached. At the 
mirror point the motion is ‘reflected’, and 
the particle travels back towards the left. 


coil coil 
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Figure 53 A magnetic bottle consisting 
of two magnetic mirrors facing one 
another. Charged particles will move 
back and forth between the ends of the 
bottle. 


Figure 54 A non-uniform magnetic field 
directed out of the page, and a particle of 
charge q initially moving with velocity v, 
perpendicular to the magnetic field. 


Figure 55 The trajectory of a negatively 
charged particle in the field shown in 
Figure 54. Each part of the path can be 
regarded as part of the circumference of a 
circle of radius R = mv,/(|q|B(r)). The 
radius is small when B(r) is large. 
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To understand why the particle follows such a path, you have only to remember that 
in a uniform field it would move in a circle of radius mv, /(\q|B). Since the field in 
Figure 55 is non-uniform, a closed circular trajectory is not possible, but each tiny 
fragment of the actual path of the particle can be thought of as part of the circum- 
ference of some imaginary circular orbit. Some of these imaginary circles are included 
in Figure 55; they have large radii where the field is weak, and small radii where the 
field is strong. By putting all these segments of different circles together it is possible 
to build up the looping path of the particle. 


Now, consider a magnetic field similar to that of Figure 55, but with a magnitude 
that changes less rapidly. Such a field is very close to being a uniform field, and 
charged particles moving perpendicular to the field will follow paths that are very 
nearly circular, though not quite. This can be seen in Figure 56, which shows the 
trajectories of both positive and negative particles in such a field. It looks as though 
each particle is executing circular orbits around a central point that is gradually 
drifting across the page. Any motion similar to that shown in Figure 56, which carries 
a particle across the field—i.e. in the direction ‘transverse’ to the field—is called a 
transverse drift. 


stronger field . . ° ° 


— 


+—_ 
direction of drift direction of drift 


weaker field e e ° 


Transverse drift can arise for a variety of reasons, apart from the non-uniformity of 
the field. An interesting, and perhaps surprising illustration of this fact is given in 
Figure 57, which shows a charged particle with a small mass m, moving through a 
uniform magnetic field that is parallel to the surface of the Earth. Such a particle is 
subject to two forces; the Lorentz force, and the gravitational force (weight) mg, 
where g is the acceleration due to gravity. Provided that the magnitude of B(r) is 
sufficiently large, the particle does not fall to the ground, but instead it executes a 
transverse drift in a vertical plane at right angles to the magnetic field. If the particle 
is negatively charged it drifts to the right; a positive particle would drift to the left. 


SAQ 19 The transverse drift shown in Figure 57 can, like the drift shown in 
Figure 55, be decomposed into segments of circles of various radii. In Figure 
57, the radius of a circle at the top of the drift is smaller than the radius of a 
circle at the bottom of the drift. What is the cause of this variation of radius 
with height? (Hint Which of the quantities in equation 35 is causing the 
variation of the radius?) 


SAQ 20 An electron of mass m,, moving through a uniform magnetic field 
that is parallel to the surface of the Earth, will execute a transverse drift. The 
forces causing this drift are the Lorentz force and the gravitational force m,g. 
If the gravitational field of the Earth could be ‘turned off’ and replaced by a 
uniform electric field £ = —m,g/e, would the behaviour of the electron be 
altered? 


Summary 


The motion of a charged particle, moving through a combination of electric and 
magnetic fields is described by the Lorentz force: 


F = q(&(r) + v x B(r)) (eq. 24) 


Because of the action of the Lorentz force, a charged particle moving in a uniform 
electric field is subject to a constant acceleration. As a result, the particle follows a 
parabolic trajectory. Given the initial velocity of the particle, the velocity at any other 
point on the trajectory can be calculated by using equations 27 and 28. 
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transverse drift 


Figure 56 Transverse drift of positive 
and negative particles in a non-uniform 
magnetic field. The field points out of the 
page and is only slightly stronger at the 
top of the diagram than at the bottom. 
Remember that the particle is moving 
across the plane of the page; the path is 
not a helix into or out of the page. 


Figure 57 Transverse drift of a 
negatively charged particle in a uniform 
magnetic field which is parallel to the 
surface of the Earth. The magnetic field 
points out of the page. Why does the 
particle not fall to the Earth? 
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6.1 


6.2 


In a uniform magnetic field, a charged particle follows a helical trajectory. If the initial 
velocity of the particle is directed at right angles to the magnetic field, then a special 
case arises in which the particle moves on a circle of radius 


_ m 
~ |qiB 


(eq. 31) 


By means of an experiment that involved passing a beam of electrons through a 
combination of uniform electric and magnetic fields, J. J. Thomsom was able to 
determine the charge to mass ratio, — e/m., of the electron. 


In non-uniform fields, particles can move in more complicated ways than in uniform 
fields. A magnetic field configuration known as a magnetic mirror has the property of 
‘reflecting’ particles that are fired into it. The particles bounce back from the mirror 
point as though bouncing off a wall. In another kind of non-uniform magnetic field, 
a form of motion known as a transverse drift can occur; this is shown in Figure 56. 


Particles in the Earth’s magnetic field 


Introduction 


In 1958, instruments on board the first American space satellite, Explorer I, detected 
the presence of large numbers of charged particles at altitudes of more than 1 000 km 
above the surface of the Earth. The particles were so numerous that the detectors 
carried by Explorer I were unable to cope with them and became jammed. Further 
research, using larger satellites equipped with better instruments, resulted in the 
discovery that the Earth is encircled by two belts of energetic particles. These con- 
centrations of high energy particles are shown in Figure 58; they are called the van 
Allen radiation belts. 


The shape of the van Allen belts suggests that the Earth’s magnetic field may play a 
major part in explaining their existence. This is in fact the case. The radiation belts 
are an important natural phenomenon created by the trapping of charged particles 
in the non-uniform magnetic field of the Earth. In what follows, you will see how the 
ideas developed in Section 5, about motion in non-uniform fields, can be used to 
explain the mechanism whereby the field manages to trap the particles. You will also 
learn how the large scale movement of some of those trapped particles, at an altitude 
of many thousand kilometres, can lead to observable effects on the surface of the 
Earth. 


Trapped particles 


Since the late 1950s, our knowledge of both the nature and the disposition of the 
particles trapped in the Earth’s magnetic field has increased greatly. For instance, the 
inner van Allen belt is now recognized as the region in which the density of protons 


8 10 
distance in Earth radii 
(a) Protons with energy >30 MeV (b) Electrons with energy > 1.6 MeV 
10!! m~? s7! 


1012 m`? s! 


10!0 m2 s7! 


(c) Protons with energy between 1 and 5 MeV (d) Electrons with energy > 0.04 MeV 
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Figure 58 The inner (small) and outer 
(large) van Allen radiation belts. 


Figure 59 Distribution of trapped 
particles near the Earth. In each of the 
four diagrams, the contours connect 
points at which particles of each stated 
kind and energy are detected at the 
stated rate. The rate of detection is 
expressed in terms of the number falling 
on a detector of area 1 m? during a time 
of 1 s. Diagrams (a) and (b) account for 
the van Allen belts. 
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with energy greater than 30 MeV* attains its maximum, while the outer belt is 
known to be the region in which electrons with energy greater than 1.6 MeV are 
most densely distributed. Particles with lower energies are spread over much 
broader regions, as shown in Figure 59, and cannot be assigned to distinct belts. 


The mechanism that enables particles to become trapped by the Earth’s magnetic 
field is very similar to that discussed in Section 5.5. Parts of the field can act as 
magnetic mirrors, and Figure 60 shows how this can come about. The gathering of 
field lines near each of the magnetic poles creates the region of high field strength 
that is essential for the formation of a magnetic mirror. When a charged particle, 
spiralling around a field line, approaches one of the poles, it encounters an increas- 
ingly strong magnetic field. Eventually, the particle reaches its mirror point and is 
reflected back towards the other pole where the same process is repeated. In this 
way, particles are caught in a magnetic trap; they bounce back and forth between 
mirror points until liberated by some kind of collision. 


To get some idea of how rapidly the trapped particles are moving, consider a proton 
and an electron, both of which are twisting around a magnetic field line, while crossing 
the magnetic equator at an altitude of 2 000 km. Surprising as it may seem, the time 
required for either particle to complete a single twist in its helical trajectory is 
independent of both the radius of the helix and the speed of the particle. The time 
needed for a single twist is determined by the mass and charge of the particle, and 
by the magnitude of the magnetic field. At an altitude of 2 000 km the Earth’s magnetic 
field strength is such that the proton takes roughly 107? seconds to complete each 
twist and the electron takes about 1076 seconds. 


SAQ 21 Suppose that a proton trapped in the Earth’s magnetic field takes 
4 x 1073 seconds to twist around a field line at an altitude of 2 000 km. Make 
a rough estimate of the strength of the magnetic field in which the proton is 
moving. (Hint Treat the ‘twist’ as a circle, work out the angular speed w and 
remember that for circular motion v/R = œ. Values for the mass and charge 
of the proton are in the table of constants.) 


Although the ‘twist’ time is independent of the speed of the particle, the time required 
to move from one mirror point to the other is not. If the proton and the electron we 
have been discussing each have a kinetic energy of 1 MeV, then the proton will take 
approximately 2 seconds to bounce from pole to pole, while the electron can make 
the trip in about 0.1 second. 


SAQ 22 (a) If the proton of SAQ 21 has kinetic energy 1 MeV 
(=1.60 x 107'3 J), what is its speed? (b) Assuming that the particle is 
very nearly moving at right angles to the magnetic field, and using the field 
strength calculated in SAQ 21, work out the radius of the proton’s helical 
trajectory. 


The ring current 


In addition to twisting around field lines and bouncing between mirror points, 
particles trapped in the Earth’s magnetic field exhibit another kind of motion. They 
undergo a transverse drift of the kind discussed in Section 5.5. The effect of this is to 
make the whole helical trajectory gradually rotate about the axis of the Earth, as 
shown in Figure 61. 


One of the causes of the transverse drift is the non-uniformity of the Earth’s magnetic 
field. The relevance of this can be seen by taking another look at Figure 60. You 
should be able to see that during each twist of the helix, the distance between the 
Earth and the particle varies. When closest to the Earth, the particle is in a relatively 
strong magnetic field; when furthest away, it is in a relatively weak field. This is just 
the kind of situation in which a transverse drift is expected. Figure 62 should make 
the link with Section 5.5 fairly obvious. The figure shows part of the Earth’s magnetic 
field in the plane of the magnetic equator, as it would appear to someone looking 
down from high above the northern hemisphere. As you can see, the magnetic field 
lines are directed perpendicularly out from the page and are most densely packed 
towards the Earth. Figure 62 is simply an upside-down version of Figure 55, which 


* The MeV is a unit of energy used in various fields of physics; it stands for ‘mega electron- 
volt’ and is equal to 1.6 x 107 +° J. It is the amount of energy gained by an electron when 
accelerated through a potential difference of 10° volts. 
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magnetic 
south pole 


Figure 60 Trapping of a particle in a 
pair of natural magnetic mirrors. 
Remember that the magnetic north pole 
of the Earth acts like a south magnetic 
pole—so field lines point towards the 
magnetic north pole of the Earth. 


Figure 61 The helical trajectory of a 
trapped particle rotates around the 
magnetic axis of the Earth. The diagram 
shows the kind of motion exhibited by 
positively charged protons. 
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appeared in Section 5.5. By inverting Figure 55, you should be able to see that a 
negatively charged particle (like the one in Figure 55) will drift from right to left in 
Figure 62, while a positively charged particle will drift from left to right. You can 
check for yourself that the left to right motion of a positively charged particle moving 
in the magnetic field of Figure 62 agrees with the direction of motion of positively 
charged protons shown in Figure 61. 


Ultimately, trapped particles, like those shown in Figure 61, will drift all the way 
around the Earth. How long it takes a particular particle to circle the Earth will 
depend on factors such as the energy of the particle and its location within the region 
of trapped particles. For the kind of proton that was being discussed earlier—one 
that crosses the equator at an altitude of 2000 km with an energy of 1 MeV—the 
time required to drift around the world is about 30 minutes. An electron with a 
similar energy and altitude would take about 50 minutes. 


Imagine that you were able to look down on the Earth from far above the northern 
hemisphere and watch the trapped particles drifting around the planet. What would 
the motion of the charges look like? It should be clear from Figure 61 that, looking 
down from the north, you would see protons circling the Earth in a clockwise direc- 
tion while electrons were orbiting in the opposite direction, anticlockwise. The 
motion of the two kinds of charged particles would constitute a kind of electric 
current flowing around the world in a clockwise sense. This current is called the 
ring current and its direction is shown in Figure 63. 


Of course, the ring current is not like a current in a wire—it does not flow through a 
metallic conductor and it is not highly localized. However, satellite observations 
have shown that the particles responsible for the ring current are mainly in the 
region between 4 and 6 Earth radii from the centre of the Earth. (The radius of the 
Earth is approximately 6 380 km.) It also seems that the major part of the ring current 
is not due to the highly energetic particles of the van Allen belts, but rather the lower 
energy protons that are more widely distributed. 


Despite the difference between the ring current and a more conventional electric 
current, there are also important similarities. The ring current, like any other electric 
current, produces a magnetic field. You can work out the direction of this field for 
yourself by using the right-hand method introduced in Section 3.2. Looking at 
Figure 64, you can see that on the surface of the Earth, apart from the regions close 
to the magnetic poles, the field due to the ring current is opposed to the Earth’s own 
internally generated magnetic field. Remembering that magnetic fields add vec- 
torially, it should be apparent that the magnetic field detected at any point on the 
surface of the Earth will contain a component due to the ring current. 


N 


S 


The fact that the magnetic field observed on Earth contains a contribution from the 
ring current provides one method of detecting changes taking place high in the upper 
atmosphere, on the fringe of outer space. When the number of particles trapped by 
the Earth’s magnetic field increases for some reason, as happens from time to time, 
the ring current may be increased. An increase in the current causes a corresponding 
increase in the magnetic field that it creates. On the surface of the Earth, at a point on 
the equator, say, the opposed directions of the field due to the ring current and the 
Earth’s internally generated field means that the increase in the ring current will 
cause a decrease in the observed total field. Such changes in the total field are fre- 
quently seen. They usually last for a few days, until the extra particles in the trapping 
regions have been dispersed by collisions. 
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Figure 62 Part of the magnetic field of 
the Earth, in the plane of the magnetic 
equator, as seen from the north. The 
continuous line shows the path of a 
charged particle as it executes a 
transverse drift at right angles to the 
magnetic field. The direction in which the 
particle moves across the page depends 
on the sign of the particle’s charge. 
Positively charged particles move from 
left to right. Negatively charged 
particles move from right to left. 


Figure 63 Looking down from a point 
high above the northern hemisphere, the 
clockwise flow of protons and the anti- 
clockwise flow of electrons, as they drift 
around the Earth, constitutes an electric 
current called the ring current. 


Figure 64 The fields of the Earth and 
the ring current are in opposite directions 
at the equator. The ring is not as 
localized as the diagram implies. 
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Summary 


In Section 6, the behaviour of charged particles moving at high altitudes in the 
non-uniform magnetic field of the Earth has been used to provide an example of some 
of the ideas discussed in Section S. 


Protons and electrons can be ensnared in natural magnetic mirrors formed by the 
gathering together of the Earth’s magnetic field lines near the north and south 
magnetic poles. Those particles with the highest energy form two rings around the 
Earth, the inner and outer van Allen belts. Less energetic particles are more widely 
distributed. 


In addition to bouncing back and forth between the poles, trapped particles also 
exhibit transverse drift due to the form of the Earth’s field. To an observer on the 
surface of the Earth, protons appear to drift from east to west, while electrons move 
from west to east. As a result of this transverse drift, particles can circle the Earth, 
giving rise to an electric current called the ring current. Changes in the ring current, 
if sufficiently large, can be detected on the surface of the Earth by means of their 
effect on the observed magnetic field. 


Magnetic confinement of plasma 


Introduction 


Living on the surface of the Earth, we are accustomed to dealing with three kinds of 
matter; solids, liquids and gases. These three ‘states’ of matter are usually regarded 
as being composed of atoms—electrically neutral combinations of negatively charged 
electrons and positively charged nuclei. However, gases, liquids and solids are not 
the only forms, nor even the most common forms, of matter in the Universe. It has 
been estimated that 99.9 per cent of the visible matter in the Universe is in the so- 
called plasma state—a fourth state of matter that does not consist of atoms. 


If it is not made of atoms, what does plasma consist of ? Well, think about what 
happens when an ordinary (atomic) gas is heated. You will learn in Unit 11 that, as 
the temperature rises, there is an increase in the average kinetic energy of the atoms 
making up the gas, and the atomic collisions that are always taking place within the 
gas occur with increasing violence. At some stage, these collisions will involve so 
much energy that it will not be unusual for a colliding atom to become ionized. The 
atom will have one or more of its electrons stripped away by the collision, leaving a 
positively charged ion consisting of the original atomic nucleus together with some, 
but not all, of the orbiting electrons. As the temperature of the gas continues to rise 
the number of ions and stripped electrons will increase, and their presence will 
modify the properties of the gas. For example, a gas consisting of neutral atoms is a 
poor conductor of electricity, but a gas containing a large number of ions can be a 
very good conductor. If the temperature is increased still further, the ions and 
electrons will come to play the dominant role in determining the properties of the 
gas. Once this stage is reached, it ceases to be profitable to think of the gas in terms 
of atoms; rather it should be viewed as an electrically neutral mixture of ions and 
electrons. It is this state of matter that is called a plasma. Most of the Sun is composed 
of plasma, and so is much of the matter between the stars. 


TV8 Magnetic confinement 


Plasma physics—the theoretical and experimental investigation of the plasma 
state—is one of the most active areas of physics research. In TV8, we deal with just 
one aspect of that research; the attempt to produce and control a plasma that is so 
hot that the collisions between ions will occur with sufficient violence for a process 
called thermonuclear fusion to occur. If this can be achieved, the plasma would become 
a source of energy that might be harnessed to provide a plentiful supply of electricity. 


The programme concentrates on methods of containing hot plasma with magnetic 
fields. It includes a variety of examples of the relationships between currents and 
magnetic fields, and between magnetic fields and magnetic forces on moving charged 
particles. These examples should help consolidate what you have learned in earlier 
sections. 


ionized matter 


plasma 


thermonuclear fusion 


magnetic confinement 
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Study comment The Television Notes for TV8 are contained in a separate 
booklet, but you should regard them as part of this section. After watching the 
television programme and reading the Notes you should be able to answer the 
following two SAQs. 


SAQ 23 (a) Describe a major problem that stands in the way of the success- 
ful development of linear magnetic bottles for confining hot plasma. How can 
this problem be overcome? (b) What is the major problem that prevents the 
use of a simple toroidal solenoid for confining hot plasma? Describe how a 
figure-of-eight stellarator overcomes this problem, and describe an alternative 
type of stellarator that has also been used in attempts to overcome this 
problem. 


SAQ 24 A certain tokamak has a set of 32 field coils, each with 24 turns. 
A current of 50000 A is passed through each turn, and a current of 3 MA 
flows through the plasma itself. The circular cross-section of the torus has 
diameter 1 m, the inside edge is 2 m from the centre and the outside edge is 
3 m from the centre. Make an estimate of the magnetic field at the outside edge 
of the torus. (You should assume that the field coils can be thought of as a 
uniform toroidal solenoid, and that the field produced by the plasma at the 
outside edge of the torus is the same as the field due to a long straight wire 
carrying a current of 3 MA at a distance of 0.5 m from the outer edge of the 
torus.) 


8.1 


8.2 


PART C FIELDS THAT VARY WITH TIME 


Induced currents 


Introduction 


In studying electricity and magnetism, you have often had to consider fields that 
have a very complicated spatial distribution. The magnetic field of the Earth is an 
outstanding example of complexity in three dimensions. However, so far you have 
been shielded from the even greater complications that can arise when studying 
fields that vary with time. 


The problems that arise when dealing with time dependent fields add a new dimension 
to the already complicated study of electric and magnetic fields. But time dependent 
fields are responsible for a host of beautiful and surprising phenomena. In this 
section, you will meet one of the most important of those phenomena. 


Figure 65 represents a very simple circuit; a loop of wire connected to an ammeter. 
Since there is no battery or generator attached to the circuit, you might well be 
surprised if the meter showed that an electric current was flowing around the circuit. 
Yet, it turns out that there are many ways of creating such a current. This section is 
devoted to two of those ways, both of which employ a magnetic field supplied by 
some sort of external source, such as a permanent magnet or a current-carrying 
wire. 


A current produced in a closed circuit by means of an external magnetic field is 
called an induced current. It’s really just a flow of charge, like any other electric 
current; the only reason for giving it a special name is its peculiar origin. Even so, 
induced currents are of inestimable value. They underlie the operation of devices, 
such as the generator and the transformer, that play a major, though unobtrusive, 
role in everyday life. They also reveal the existence of a fundamental principle 
linking electric and magnetic fields. 


It is this new fundamental principle that makes induced currents worthy of a lengthy 
discussion. The principle will be introduced in Section 8.3, but its full significance 
will not be explained until Section 9, when we look at the part it plays in unravelling 
one of the great mysteries of physics—the nature of light. 


Motional induction 


The existence of induced currents can be demonstrated by a simple experiment. 
Consider Figure 66; if part of the circuit, the wire CD say, is moved into the magnetic 
field between the poles of a large fixed magnet, the ammeter will show that a current 
flows. When the motion of the wire ceases, the current stops. This is an example of an 
induced current. Can you explain its origin? You should be able to—you already 
possess all the necessary information. The wire CD is made of metal and, like all 


metals, it contains an enormous number of negatively charged electrons that are 
relatively free to move. When the wire is moved into the magnetic field, the electrons 
that it contains are moved with it. As these electrons are moved through the magnetic 
field they experience a force that tends to push them along the wire. Of course, this 
force is nothing other than the magnetic part of the Lorentz force F = —ev x B. 
Those electrons that are relatively free to move through the metal are set into 
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Figure 65 Can a current be produced in 


such a simple circuit? 


induced current 


Figure 66 Motional induction. As the 


wire CD is moved into the magnetic field 


a current is induced in the circuit. 
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motion by this force. They move along the wire and thus form an electric current. 
It is this current that constitutes the induced current detected by the ammeter. 


ITQ 9 Figure 66 shows both the direction of motion of the wire and the 
direction of the magnetic field. In which direction does the induced current 
flow, from C to D, or from D to C? 


The kind of induced current that has just been described is produced by moving 
part of a circuit through a magnetic field. For that reason it is called a motionally 
induced current. You should not find motional induction too astonishing, since it’s 
based on principles with which you ought to be familiar. However, there is another 
method of creating a motionally induced current, and this time it involves a situation 
you have not met before. In this second method, instead of moving a wire between 
the poles of a fixed magnet, it is the wire that is fixed while the magnet is moved. A 
diagram comparing the two techniques of motional induction is shown in Figure 67. 


current 


(a) (b) 


Although superficially they seem to be very similar, the fact that the induction effect 
depends only on the relative motion of the wire and the magnet is really rather 
surprising. Remember, the Lorentz force rule given in Section 5 describes the force 
that a given magnetic field will exert on a moving particle. It says nothing about the 
force exerted on a stationary particle by a moving magnet. The intriguing symmetry 
between the two cases shown in Figure 67 was one of the phenomena that led 
Einstein to the special theory of relativity. 


SAQ 25 Suppose that a square loop of wire is moved through a uniform 
magnetic field in a direction at right angles to the field, as shown in Figure 68. 
Will there be an induced current flowing around the loop? 


We will return to the subject of motional induction in Section 8.4, but for the moment 
let’s turn to another method of inducing a current—a method that depends on an 
entirely new physical principle. 


Another kind of induction—induction by a 
changing field 


Since fields were first introduced in Unit 6, we have mainly been concerned with 
static fields—fields that do not vary with time. Unit 6 dealt with the electrostatic 
fields created by fixed distributions of charge, and the first part of this Unit covered 
the static magnetic fields due to permanent magnets and steady currents. The time 
for a change has now arrived. From this point on, we will mainly be interested in 
non-static fields—fields that do vary with time, such as the magnetic field produced 
by a changing electric current. Non-static fields have interesting characteristics that 
distinguish them from static fields. One of the most important of these characteristics 
can be deduced from an experiment that shows that motional induction is not 
the only way in which an induced current can be created. 


The existence of another kind of induction can be demonstrated by an experiment 
like the one shown in Figure 69. The apparatus is very simple: just two separate, 
fixed circuits. In the first, a loop of wire is connected to a battery and a switch. The 
second circuit consists of a loop of wire connected to an ammeter. When the switch 
in the first circuit is closed, the meter in the second circuit shows a response. The 
response does not last long, it is only transient, so after a short time the reading on 
the meter in the second circuit returns to zero, even though a current continues to 
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motional induction 


Figure 67 (a) Moving a wire to the left 
through the field of a fixed magnet has 

the same effect as (b) moving the magnet 
to the right while keeping the wire fixed. 


Figure 68 Does a current flow around 
the loop as it is moved through the field? 


first circuit 


battery 


ammeter 


second circuit 


Figure 69 An experiment that 
demonstrates the existence of another 
kind of induction. 
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flow in the first circuit. If the switch in the first circuit is opened again, thereby 
interrupting the current, the meter in the second circuit will once more show a brief 
response. Of course, each time the meter shows a response it means that an induced 
current is flowing in the second circuit. So, the experiment seems to indicate that the 
act of opening or closing the switch initiates a process that gives rise to induced 
currents. One thing is certain; the presence of a steady current in the first circuit 
does not suffice to induce a current in the second circuit. If a steady current could 
cause induction, the meter reading would not have returned to zero between closing 
the switch and opening it again. 


How can the effect observed in the experiment be accounted for in terms of fields? 
Well, it’s not hard to guess that a magnetic field will be involved in some way. The 
only obvious candidate is the magnetic field associated with the current in the first 
circuit, so let us investigate the behaviour of that field. At the moment the switch is 
closed, a current starts to flow around the first circuit. However, that current does not 
instantly attain its final, steady value. Instead, the current starts from zero at the 
exact moment of closure, and rapidly builds up to its final steady value over a short 
interval of time. During that time, the magnetic field associated with the current in 
the first circuit is also increasing, which means that the second circuit finds itself 
being acted upon by a magnetic field of increasing strength (Figure 70). Similarly, 
when the switch is opened again, the current does not stop immediately, but it dies 
away over a short period of time during which the associated magnetic field also 
decreases to zero. Thus, it is the presence of a changing magnetic field that induces the 
current in the second circuit. 


Now the important question: ‘Why should a changing magnetic field induce a 
current?. You know from the Lorentz force rule that a magnetic field will exert a 
force on a moving charged particle, but the second circuit initially contains particles 
at rest.* Why should a magnetic field, even one that’s changing, have any effect on 
them? In fact, it doesn’t, at least not directly. The motion of the charges in the second 
circuit is explained by introducing a basic physical principle that you have not met 
before in this Course: 


A changing magnetic field produces an electric field. 


Provided that this electric field has a component along the wire of the second circuit 
at some point, the new principle explains the origin of the induced current. It is the 
electric field that sets the charges in the wire of the second circuit into motion. Of 
course, once the charges have been induced to move, they are acted on by both the 
electric and magnetic fields, but the initial motion must be due to the electric field. 


ITQ 10 The fact that a changing magnetic field can produce an electric 
field explains why the closing or opening of the switch in the first circuit 
induces a current in the second. But why does the current induced in the second 
circuit stop flowing when the current in the first circuit reaches its steady 
value? 


That electric fields are produced not only by charges but also by changing magnetic 
fields is a profound observation. It reveals the enormously greater complexity of time 
dependent, non-static fields when compared with static fields. But, for all that, it is a 
qualitative statement. To convince ourselves that we really understand a phenomenon, 
we need to be able to make quantitative predictions about it. The next two sections 
will teach you how to make such predictions. 


The magnitude of an induced current— 
Faraday’s law 


The principle that a changing magnetic field produces an electric field had to be 
introduced in order to explain the phenomenon of induction by a changing magnetic 
field. However, that principle was not needed when explaining motional induction. 
This difference shows that the two types of induction (motional induction, and in- 
duction by a changing field) are quite distinct. Yet it is a remarkable fact that despite 
the distinction, there is a single physical law, called Faraday’s law, that describes 
both kinds of induction. This law makes it possible to predict the magnitude of an 


* In fact, the particles possess a certain degree of random motion due to the temperature of 
the metal, but this can be ignored. 
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Figure 70 The changing magnetic field 
that causes the induced current when the 


switch is first closed. 


induction by a changing field 
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induced current, irrespective of whether it was caused by a changing magnetic 
field, or by motion, or even by a mixture of the two. However, before writing down 
Faraday’s law, it is necessary to introduce an important new concept—the magnetic 
flux through a circuit. 


The easiest way to introduce the idea of magnetic flux is by a simple example. Figure 
71 shows a rectangular circuit KLMN, of area A, situated in a uniform magnetic 
field B. The normal to the circuit is inclined at an angle 6 to the direction of the mag- 
netic field. As you can see, some of the magnetic field lines shown in Figure 71 pass 
through the area enclosed by the circuit, while others do not. The magnetic flux 
through the circuit KLMN is denoted x; yn (pronounced phi KLMN) and is 
defined in the following way: 

®yimn = BA cos 0 (36) 


Roughly speaking, ®x; yy is a scalar quantity that measures the ‘amount’ of magnetic 
field that actually passes through the circuit KLMN. You can see from equation 36 
that if either the magnetic field strength B or the area A is increased, so is the flux 
®xiyn- This agrees with the idea that kumun measures the ‘amount’ of magnetic 
field passing through the circuit. Furthermore, if 0 is increased so that the plane of 
the circuit is more nearly parallel to the magnetic field, then ®kırmn is reduced 
because cos @ is smaller. Once again, this accords with the idea that ®gyyn is a 
measure of the ‘amount’ of magnetic field passing through the circuit. 


ITQ 11 At what angle 0 should the circuit shown in Figure 71 be orientated 
with respect to the uniform magnetic field B in order to ensure that the mag- 
netic flux through the circuit has its maximum possible value? 


The simple definition given in equation 36 can be generalized in a number of ways. 
For example, it is possible to give a mathematical definition of flux that works in 
cases where the magnetic field is not uniform, or where the circuit is not just a plane 
two-dimensional figure. However, for our purposes the following definition will be 
sufficiently general. 


The magnetic flux ® through any plane circuit of area A, due to a uniform magnetic 
field of strength B is given by 


where @ is the angle between the normal to the circuit and the direction of the mag- 
netic field. 


From equation 37, it is easy to deduce the units in which magnetic flux is measured. 
Since B is in tesla and A is in (metre)?, it follows that the unit of magnetic flux must 
be the tesla (metre)*. This unit is given a special name; it is called a weber (pronounced 
vayber), and is denoted by the symbol Wb. 


1 unit of magnetic flux = 1 Wb = 1 T m? 


SAQ 26 Work out the magnetic flux through each of the following circuits: 
(a) a square circuit with sides of length 0.1 m, with its plane perpendicular 
to a uniform field of strength 0.4 T; (b) a rectangular circuit of area 107 3 m?, 
with its normal parallel to a uniform field of strength 107° T; (c) a circular 
circuit of area 4 m7”, with its normal at an angle of 30° to a uniform field of 
strength 0.5 T; (d) a circular circuit of area 4 m?, with its plane at an angle of 
60° to a uniform field of strength 0.5 T. 


perspective view 


Figure 71 A rectangular circuit KLMN, 
which encloses an area A, is placed in a 
uniform magnetic field B. The circuit is 
orientated in such a way that the normal 
to the circuit makes an angle 0 with the 
direction of the magnetic field. 


magnetic flux 


weber Wb 


The next SAQ is quite important, since it introduces the idea of a magnetic flux that 
changes with time. 


SAQ 27 A piece of wire, bent into a circular loop of radius 0.1 m, is placed 
in a uniform magnetic field of strength 0.5 T. The loop is pivoted in such a way 
that it can rotate about an axis perpendicular to the magnetic field. Suppose 
that the loop is perpendicular to the field at time t = 0, and rotates with 
constant angular speed œ = 1 radian per second. Sketch a rough graph 
showing the way in which the flux through the loop changes over the period 
from t = 0 to t = 1/2 seconds, during which the angle between the magnetic 
field and the normal to the circuit increases from 0° to 90°.* 


Now you may well be wondering what the concept of magnetic flux has got to do 
with induced currents. Well, think back to the examples of induction shown in 
Figures 66 (motional induction) and 70 (induction by a changing field); in both 
cases, the magnetic flux through the circuit carrying the induced current is changing 
with time. On the one hand, in Figure 66, the flux through the circuit is increasing 
because the area of the circuit within the magnetic field is increasing. On the other 
hand, in Figure 70, the flux through the second circuit is changing because the 
strength of the magnetic field created by the first circuit is changing. This common 
property of the two types of induction—the fact that they both involve a magnetic 
flux that changes with time—is what makes it possible to write down a single com- 
prehensive law that encompasses both types of induction—Faraday’s law. 


The particular form of Faraday’s law that we are going to use relates the magnitude i 
of the induced current to the resistance R of the circuit in which it flows, and to 
d@/dt, the rate of change of the magnetic flux through the circuit. The mathematical 
form of Faraday’s law is 


(38) 


Remember, for any given value of t, the symbol d®/dt represents the corresponding 
value of the gradient of the graph of ® against t. An example will probably help you 
to understand how Faraday’s law is used. 


Imagine that a circular loop of wire, of resistance 12 Q and area 2 m?, is placed with 
its plane perpendicular to a changing magnetic field that always points in a certain 
fixed direction (Figure 72). Suppose that the magnetic field is uniform but non- 
static—i.e. at any particular instant, the field has the same strength at all points 


area 2m? 
x x x x x 


Figure 72 A circular conducting loop of 
area 2 m° and resistance 12 Q, placed at 
right angles to a uniform, non-static 
magnetic field. 


resistance 120 
x x x x x x x x 


(uniform), but that uniform field strength changes with time (non-static). In par- 
ticular, suppose that the field strength at time ż is given by 
B(t) = 1.5 + 41? tesla 


where t is measured in seconds. It follows from equation 37 that the magnetic flux 
through the loop at time t is: 


@ = (1.5 + 4t?) x 2 x cos 0° weber 
aes ® = 3.0 + t? weber (39) 
* In this SAQ, and throughout the rest of this Unit, an effect known as ‘self induction’ is 


being ignored. In practice, this effect would add extra complications to many of the situations 
being described. 


Faraday’s law 
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A graph showing the way in which ® changes with t is given in Figure 73. By using 
that graph, it is possible to work out the current induced in the 12 Q loop by the 
changing magnetic field. For instance, at t = 3 seconds, the gradient of the graph in 
Figure 73 is d®/dt = 6Wbs +. (You can confirm this for yourself by drawing the 
tangent to the curve at t = 3 seconds and measuring its gradient, or by determining 
the derivative d®/dt using the rules of calculus introduced in Unit 2, which give 
d@/dt = 2t.) Using the fact that d®/dt = 6 Wbs_! at t = 3s, it is easy to see that 
Faraday’s law predicts that the magnitude of the current induced in the loop at 
t = 3sis 


i = 75 x 6 ampere = 0.5 ampere 


Here are some SAQs that will help you to get to know Faraday’s law. 


SAQ 28 (a) Using Figure 73, as in the example given above, calculate the 
magnitude of the induced current i at the times t = 1 s, t = 2s and t = 3.5s. 
(b) Sketch a graph ofi against t for the range from t = 1 stot = 3.5s. 


SAQ 29 In SAQ 27, you drew a graph of @ against t for a rotating loop ina 
uniform static field. Now, assume that the loop has a resistance of 10 Q, and 
roughly sketch the corresponding graph of i against t. (The gradient of the ® 
versus í graph is negative, but you can ignore the sign because you are calculat- 
ing the magnitude of the induced current.) 


SAQ 30 Figure 74 shows three successive positions of a conducting rod 
of length / as it slides along two fixed conducting rails that are separated by a 
distance |. The rod moves with constant speed v, and is travelling at right 
angles to a uniform magnetic field of constant strength B. The rod and the 
rails are of negligible resistance, but the rails are linked by a resistance R, 
so at any instant the arrangement of rod, rails, and resistor constitutes a 
circuit of total resistance R. Because the area of the circuit is changing with 
time, an induced current will flow around the circuit. Show that the magnitude 
of the induced current at time t is i = Blv/R. (Hint Consider the amount 
by which the area of the circuit increases in time At.) 


Before leaving the subject of Faraday’s law, a few comments must be made. The 
first thing to notice is that Faraday’s law does not ‘explain’ induced currents, it 
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Figure 73 The flux through a circular 
loop of area 2 m? due to a changing 
magnetic field of strength 

B(t) = 1.5 + 44? tesla (where t is 
measured in seconds). 
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Figure 74 Diagrams (a), (b) and (c) 
show three successive positions of a 
conducting rod of length J, sliding along 
two fixed conducting rails that are linked 
by a resistor of resistance R. The rod has 
velocity v, and it moves at right angles to 
a uniform static magnetic field B directed 
into the page. 
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simply predicts their magnitudes. The physical explanations of both motional 
induction and induction by a changing field were given in Sections 8.2 and 8.3 
respectively. A second important point is that no proof of Faraday’s law has been 
offered. As far as this Course is concerned you should simply regard Faraday’s 
law as an empirical rule supported by a large number of experimental observations— 
including the experiments carried out by Faraday himself in the 1830s. However, 
you should also be aware that in more advanced discussions of electrodynamics, 
it is possible to deduce Faraday’s law from more basic principles, namely the Lorentz 
force rule and the Maxwell equations (Section 9), together with some additional 
assumptions*. Thirdly and finally, you should remember that Faraday’s law applies 
to both kinds of induced current; that caused by motion, and that due to a changing 
magnetic field. It is very unusual to have one law that explains two different phenom- 
ena—do not let the fact that it happens in the case of induction confuse you. 


The direction of an induced current—Lenz’s law 


A current is induced in a circuit whenever the flux through that circuit is altered by 
some kind of change, such as the motion of a wire, or the flow of current in another 
circuit. Faraday’s law tells us the magnitude of the induced current, but that does not 
completely specify it. There remains one outstanding question: what will be the 
direction of the induced current? 


In 1833, the German physicist Heinrich Lenz proposed a simple principle, now 
known as Lenz’s law, which provides the answer to this question. The following is 
a formal statement of Lenz’s law: 


Whenever a change of some kind causes an induced current, the direction in 


which that current flows is such as to produce effects that oppose the change 
that caused the current. 


A few examples will probably help you to understand the implications of Lenz’s law. 
The examples will be based on some situations that you have already met. 


Example 1 A moving wire in a magnetic field 


In Section 8.2, you saw that a current was induced in a circuit if part of it was moved 
into a magnetic field. Figure 75 is simply a reproduction of Figure 66, which was 
used to introduce this phenomenon. The black arrow pointing to the left indicates the 
direction in which the wire CD is being moved by some kind of external force. What 
does Lenz’s law tell us about the direction of the induced current in this case? 


It is the motion of CD towards the left that constitutes the ‘change’ causing the 
induced current. So Lenz’s law implies that the direction of the current must be such 
that it produces an effect that will oppose motion to the left—i.e. oppose the change 
causing the current. Now, in Section 4 of this Unit, you saw that a current-carrying 
conductor in a magnetic field experiences a force. It is this force that must oppose 
the motion to the left. In other words, the magnetic field must act on the induced 
current in such a way that the force on CD points towards the right. Since the force 
points to the right and the magnetic field is directed vertically downwards, the 


* Historically, Faraday’s law was one of the experimental laws that led to the Maxwell 
equations. However, we now regard the Maxwell equations as more basic, because the 
derivation of Faraday’s law reveals that there are cases in which Faraday’s law fails, but the 
Maxwell equations remain true. 
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Lenz’s law 


Figure 75 The ‘change’ that causes the 


induced current in the wire CD is its 
motion towards the left. 
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direction of the current must be from D to C. Check this for yourself by using the 
right-hand rule. The result should come as no surprise; you worked it out by a 
different method in ITQ 9. 


Example 2 A changing electric current 


Section 8.3 shows that a changing electric current in one circuit could induce a 
current in another nearby circuit. As the current in the first circuit changes, so does 
its associated magnetic field. The resulting change in the flux through the second 
circuit creates an induced current. To see how Lenz’s law should be applied in this 
case, you must remember that the induced current in the second circuit will itself 
possess a magnetic field that contributes to the flux through the second circuit. This 
is shown in Figure 76. Note that the direction of the magnetic field lines due to the 
induced current is such that there is, in effect, an extra magnetic field B,,,, contributing 
to the flux through the circuit. If the induced current flows in a clockwise direction 
around the circuit, B;,, is directed downwards within the circuit (Figure 76a). If the 
induced current flows anticlockwise, B;,,, acts in the upward direction (Figure 76b). 


circuit 1 (current due ae 
to battery) circuit 1 
A YES 


circuit 2 (induced circuit 2 
(a) current) (b) 


Now let’s apply Lenz’s law to a particular case. Suppose that the current in circuit 1 
is increasing and flows in the direction shown in Figure 76. This current will produce 
a magnetic field B,,., of increasing strength acting vertically downwards through 
circuit 2 (Figure 77). The increasing flux due to this magnetic field is the cause of the 
induced current in the circuit 2. Lenz’s law says that the direction of the induced 
current must be such as to oppose the increasing flux that causes it. In other words, 
the magnetic field B;,,, created by the induced current must act so as to oppose the 
increasing flux due to the magnetic field Bpan. For this to be the case, Bina must point 
upwards, which means that the induced current in circuit 2 must flow in the anti- 
clockwise direction, as shown in Figure 76b. 


On the other hand, if the current in circuit 1 had still been flowing in the direction 
shown in Figure 76, but had been decreasing, the result would have been quite 
different. The flux through circuit 2 would have been decreasing, and the magnetic 
field Bina would have had to point downwards in order to oppose the decrease. You 
can see from Figure 76a that a downward-pointing B;,, corresponds to an induced 
current that flows in the clockwise direction. 


Note that in the two cases considered in Example 2—an increasing or a decreasing 
current in circuit 1—the direction of the field B;„a is not simply opposed to the direc- 
tion of the magnetic field produced by the current in circuit 1. The relationship is 
more subtle: the field Bina is opposed to the change in the magnetic field Bpan. It is 
opposition to change that is enshrined in Lenz’s law. It could be said that this op- 
position to change marks Lenz’s law as a very conservative law. Such a comment 
would be most apposite, because Lenz’s law can be viewed as a consequence of the 
conservation of energy (Unit 3). If the magnetic effect of an induced current acted in 
such a direction that it assisted rather than opposed its cause, it could lead to ever 
increasing currents that would be growing without the benefit of any external source 
of energy. Such self-magnifying currents would clearly violate the conservation of 
energy. Lenz’s law ensures that such currents cannot arise. 


Study comment If you have had difficulty understanding the examples of Lenz’s 
law, then you should listen to the audiocassette (Tape 2, Side 2, Band 3) that 
accompanies this Unit. You will need to have Unit 8 in front of you while you 
listen to the tape, because it makes several references to the diagrams contained 
in Section 8.5—starting with Figure 75. So please turn to Figure 75 before you 
start listening to the tape. 
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Figure 76 Whichever direction the 
induced current flows around circuit 2, 

it will produce a magnetic field B;na that 
contributes to the flux through circuit 2. 
The non-uniform field B;,,, is indicated by 
a single arrow for simplicity, but it does 
not act at just one point. 


circuit 1 


current due to 
battery 


Figure 77 The current due to the battery 
is directly responsible for a magnetic field 
Bpan- This field will also contribute to the 
magnetic flux through circuit 2. 
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SAQ 31 Take another look at Figure 76. Imagine that the current in circuit 
1 is reversed, so that it flows in an anticlockwise direction. If the magnitude of 
this current is increasing, what will be the direction of the current induced in 
circuit 2? 


SAQ 32 Figure 78 shows a bar magnet being lowered into a coil. Will the 
current in the coil flow in a clockwise or an anticlockwise direction when 
viewed from above? 


Applications of induction 


The two kinds of induction play a very important role in both physics and electrical 
engineering. In this section, we are going to take a brief look at two different appli- 
cations of the principles discussed in the last two sections. 


Electric generators 


Generators are used to convert mechanical energy (rotation) into electrical energy. 
They are usually associated with the large power stations that provide our domestic 
electricity supply, but it is quite possible to build much smaller generators. Most 
hospitals, and many garages, have their own small generators. 


Figure 79 is a schematic diagram of a very simple kind of generator. It consists of a 
loop of wire that is being made to rotate in a uniform magnetic field. The force 
causing the rotation is supplied externally. As the loop is turned the flux through it 
changes, thus creating a motionally induced current. You have already investigated 
such a current in SAQs 27 and 29, so you should know that the magnitude of the 
current is proportional to the sine of the angle between the magnetic field and the 
normal to the loop. 


axis of 
rotation 
í Ze 
D 7 
Ye 
C = fE 
7 
4, 
F 
slip ring 7 A 
direction B 
of rotations) 
7 brush 
z contacts 
external 
circuit 


As the loop turns, the point marked D in Figure 79 spends half its time to the left of 
point E, and the other half to the right of E. While D is to the left of E, as in F igure 
79, an application of the Lorentz force law to CD or EF shows that the current flows 
in the direction CDEF. However, when the loop is in the vertical position, with D 
directly above E, the angle between the field and the normal to the loop is zero, so 
there is no current. During the rest of the revolution, D is to the right of E, and 
applying the Lorentz force law to CD or EF shows that the current flows in the 
direction FEDC. Thus the direction in which the current flows around the loop is 
reversed for half of each revolution. 


As is always the case with rotary electrical devices, such as motors and generators, 
special arrangements have to be made to connect the rotating components to a fixed 
external circuit. Figure 79 shows one method by which this can be achieved. Each 
end of the rotating loop is attached to a metal hoop called a slip ring. The slip rings 
turn with the loop, but as they do so they rub against two electrical brush contacts. 
The brushes are fixed and carry the current produced in the rotating loop into the 
external circuit. Since the direction of the current in the loop is reversed for half of 
each revolution, the arrangement of brush contacts and slip rings ensures that the 
direction of the current supplied to the external circuit will also be reversed for half 
ofeach revolution. Such a current is called an alternating current, a term that is usually 
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Figure 78 A bar magnet is lowered into 
an anticlockwise coil. In which direction 
does the induced current flow? 


generators 


Figure 79 A simple generator. In the 
position shown in the figure, the induced 
current will flow from A to B. This can 
be confirmed by using the Lorentz force 
law, or by applying Lenz’s law. 


slip ring 


alternating current (a.c.) 
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abbreviated to a.c. This should be contrasted with the kind of current produced by a 
battery. Currents produced by batteries do not reverse their direction of flow, so 
they are called direct currents, or simply d.c. direct current (d.c.) 


As you are probably aware, the kind of current that you get from a wall socket of the 
domestic electricity supply in your home is an alternating current. It probably 
comes, more or less directly, from a generator in your local power station. Of course, 
the alternating current of your domestic supply only flows when you insert a plug 
into the socket and provide a complete circuit for it to flow through. Really, instead 
of saying that a wall socket provides an alternating current, it makes more sense to 
say that it provides an alternating potential difference, like that shown in Figure 80. 


potential 
difference 


V =V mnax Sin wt 


Vinax 


rms 


Figure 80 A sinusoidally varying, 
alternating potential difference. The 
quantity V,,,, is given by Vin. = Kad a/2. 
In the case of the ordinary domestic 
electricity supply, V,n; = 240 volts and 
the time T required for one complete 

l cycle cycle is 45 second. 


—Vinax 


In the case of the domestic electricity supply the value of V,,,, is about 340 V 
(Ving = 240 V) and it takes 5 of a second for the potential difference to pass from 
+V,,ax through — V,,,, and back to + V,,,,. In other words, the potential alternates 
at a rate of 50 cycles per second. The subject of alternating potential difference 
brings us to our second application of induction—the transformer. 


Transformers 


Figure 81 is a schematic diagram of a simple transformer. When an alternating transformer 
potential difference with maximum value V,, is supplied to the input terminals, the 

transformer produces an alternating potential difference with maximum value V,,,, 

at the output terminals. The value of the ratio V,,/V,,, depends on the detailed con- 

struction of the transformer; particularly the number of turns on the in and out coils. 

Transformers are found in many household appliances and they play a very impor- 

tant part in the national electricity distribution system. They are very efficient 

devices because they have no moving parts; they are based on the principle of 

induction by a changing magnetic field. 


The transformer shown in Figure 81 consists of two coils—labelled in and out on the 
diagram—wound on a common core. When an alternating potential difference is 
applied across the input terminals, an alternating current will flow through the in 
coil. This alternating current will produce a fluctuating magnetic field in the vicinity 
of the out coil. As a consequence, the magnetic flux through the out coil will change 
with time. If a resistance is connected between the output terminals, the changing 
magnetic flux will induce a current in the circuit that includes the out coil. The 
induced current will be an alternating current and it will change its direction just as 
frequently as the alternating current fed into the in coil. If the output terminals are 
not part of a closed circuit, no induced current can flow, but the terminals will be the 
source of an alternating potential difference. 


input terminals output terminals 


Figure 81 A transformer. V,, is the 
maximum value of the input potential 


Vint i ae difference, and V,,,, is the maximum value 
m AAS i i of the output potential difference. The 
core helps to maximize the flux through 


the out coil due to the current in the in 
>oil. 


SAQ 33 In practice, generators usually consist of a rotating coil rather than 
a single loop of wire. Why is a coil used? 


SAQ 34 When a generator is supplying current to an external circuit, it is 
found that the force required to keep the coil turning is much greater than the 
force needed to overcome friction. What is the origin of the extra force that 
opposes the rotation of the coil? 
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8.7 


9.1 


Summary 


This section started with the introduction of two important phenomena: motional 
induction, and induction due to a changing (non-static) magnetic field. 


It was seen that the Lorentz force could account for motional induction, but the 
explanation of the second kind of induction demanded the introduction of another 
basic principle: 


A changing magnetic field produces an electric tield 


The idea of flux was introduced as a measure of the ‘amount’ of magnetic field passing 
through a circuit. 


The concept of flux was used in Faraday’s law for the magnitude of the current 
induced in a circuit when the flux through that circuit is changing with time. 

i = —— (eq. 38) 
Faraday’s law has the remarkable property that it can be applied to either of the two 
kinds of induction. 


The direction of an induced current can be worked out using Lenz’s law which states 
that: 


Whenever a change of some kind causes an induced current, the direction in 
which that current flows is such as to produce effects that oppose the change 
that caused the current. 


If the current is motionally induced, it is also possible to use the Lorentz force rule to 
work out the direction of the current. 


Induced currents have many important applications. Such currents are responsible 
for the operation of generators and transformers. 


Maxwell's equations and their consequences 


Introduction 


In 1865, a Scottish physicist, James Clerk Maxwell, wrote down a mathematical 
theory of electric and magnetic fields that was both comprehensive and compact. 
Maxwell is now regarded as the founder of modern electromagnetic theory—the 
‘Newton’ of electromagnetism—and it is now accepted that the basic laws governing 
the behaviour of electric and magnetic fields can be expressed in just five equations. 
As you would expect, one of the five is the Lorentz force rule, which serves to define 
the fields. The other four are, not surprisingly, referred to as Maxwell’s equations. In 
just five lines, the Lorentz force rule and the Maxwell equations can cover all of the 
basic principles that have been used in the last three Units! 


The power of the Maxwell equations, their ability to say so much in so few lines, 
stems from the fact that they are written in a very concise mathematical language, the 
language of ‘vector analysis’. Unfortunately this mathematical language is a little 
beyond the level of this Course; so the Maxwell equations cannot be written down 
with any hope that you will understand them. However, they cannot be ignored; they 
are much too important for that. The only thing to do is to describe the Maxwell 
equations in words, and to tell you something of their consequences. 


There are two reasons for wanting to tell you as much about Maxwell’s equations as 
possible: 


First, to ignore the Maxwell equations would be to ignore what many physicists 
regard as the quintessence of electromagnetism. You would leave the Course with a 
lopsided and highly inaccurate idea of the way in which physicists view the subject. 
Electromagnetism is not seen as a sprawling jumble of rules, facts and laws, but 
rather as a well ordered and highly coherent branch of science—thanks to Maxwell. 


Secondly, Maxwell’s work uncovered yet another link between time dependent 
electric and magnetic fields; a new fundamental principle that you have not yet met. 
This new principle complements the principle introduced in Section 8.3, and leads 
on to one of the great unifications of physics—that of electricity, magnetism and 


S271 UNIT 8 


51 


9.2 


light. Thus, Maxwell’s equations are both an invaluable summary of electromagnet- 
ism and, in their own right, a discovery of the greatest importance, with dramatic 
consequences. 


Maxwell's equations 


Very little of the content of Maxwell’s equations was actually discovered by Maxwell 
himself. To a large extent, he was expressing the results of others, particularly Faraday, 
in a consistent mathematical form. Many problems faced him. He had to deal with 
far more than the four equations that now bear his name, and the concise vector 
notation that we use today was not invented until after his death. He wrote out all the 
relations between electric and magnetic fields in terms of components, a lengthy 
and tedious business. In addition to these ‘technical’ difficulties in working out 
answers, Maxwell had to confront the even greater problem that faces most of those 
who break new ground in science: he had to ask the right questions. 


Maxwell’s own contribution was the following principle: 


A changing electric field produces a magnetic field 


This is the counterpart to the principle introduced in Section 8.3 which says: 


| A changing magnetic field produces an electric field 


The first of these principles can be applied to Figure 82a. When the switch is closed, 
electric charge will flow from one plate to the other. As it does so (Figure 82b), the 
charge on each of the plates will diminish and the electric field between the plates 
will decrease. While this is happening a magnetic field will be created. It’s rather 
difficult to demonstrate the existence of this field because its magnitude is so small, 
but it can be done in a suitably refined experiment. 


switch 


(a) (b) 


Now that the missing principle has been explained, the Maxwell equations can be 
listed; or at least some words can be written down that summarize the content of 
each of the four equations. 


Equation 1 Electric fields can be created by distributions of electric charge. 
(Related to Coulomb’s law.) 


Equation 2 Electric fields can also be produced by changing magnetic fields. 
(Related to Faraday’s law.) 


Equation 3 There are no magnetic monopoles. So, magnetic field lines are con- 
tinuous; they have neither a beginning nor an end. 


Equation 4 Magnetic fields can be produced by electric currents and by changing 
electric fields. (Related to the discoveries of Oersted, Ampére and 
Maxwell.) 


Of course, in writing out the equations in words, many injustices have been 
committed. Some subtleties have been ignored, and much of the glory has been lost. 
However, the significance of the equations themselves should not be doubted. They 
have their limitations, which will be mentioned shortly, but taken together with the 
Lorentz force rule, the equations provide an essentially complete description of 
electric and magnetic phenomena. Indeed, so complete is the description that it can 
be used as a basis for the development of electromagnetism rather than a summary 
of it. In some advanced treatments, the Maxwell equations and the Lorentz force 
rule are postulated at the very beginning; all the other laws—Coulomb’s law, 
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Figure 82 (a) The uniform electric field 
between two isolated, oppositely charged, 
parallel metal plates. The upper plate has 
charge +q, and the lower plate has 
charge —q. (b) When the switch is closed, 
charge flows from one plate to the other. 
The electric field strength decreases and a 
magnetic field is created. Note that this 
magnetic field is present only when the 
electric field is changing. 


Maxwell’s equations 


9.3 


Faraday’s law, the laws governing the magnetic fields produced by various current 
distributions, and so on—can then be deduced from the Maxwell equations. Ob- 
viously, such an approach requires a much higher level of mathematics than has been 
assumed in this Unit. 


What about the limitations of Maxwell’s equations? Well, the first difficulty is that 
the equations we have been discussing only apply to electric and magnetic fields in a 
vacuum. They do not cover fields within material media, such as wood or water. 
Fortunately this is not a very serious drawback. Experimentally derived information 
about materials can usually be employed to extend the range of problems covered 
by Maxwell’s theory. It is for this reason that the magnetic fields produced by per- 
manent magnets can be included in Maxwell’s equations, despite the fact that an 
explanation of permanent magnetism is beyond the scope of Maxwell’s theory. Thus, 
problems involving media can be difficult to deal with, but they do not represent any 
fundamental failure of Maxwell’s equations. However, there is another limitation 
that does represent just such a failure. 


The second limitation of Maxwell’s equations did not become apparent until the 
birth of the quantum theory in the early years of the twentieth century (a birth 
described in obstetric detail in Unit 13). Maxwell’s equations are purely classical; 
that is to say, they ignore the strictures of quantum theory. At this stage, you cannot 
understand all the implications of the last sentence, but don’t worry; it’s only neces- 
sary to appreciate the following point. The recognition of the fundamental impor- 
tance of quantum theory showed the need for two major developments in physics. 
First, a quantized version of mechanics was needed. Quantum mechanics would have 
to describe and predict the behaviour of particles (Units 14 and 15). Secondly, a 
quantized version of Maxwell’s electromagnetic field theory was also essential. 
Quantum field theory would have to be capable of dealing with electric and magnetic 
fields in a way that would be compatible with the principles of quantum theory. The 
development of a quantized form of Maxwell’s theory was an enormously difficult 
undertaking. Despite this, the efforts of many researchers, particularly Richard P. 
Feynman, Julian Schwinger and Sin-Itiro Tomonaga, resulted, in the late 1940s, 
in a highly successful theory known as quantum electrodynamics, or QED for short. 
In principle, QED can reproduce all of the correct predictions of Maxwell’s theory, 
and in addition QED is compatible with quantum theory. The subject of quantum 
field theory will be discussed in a little more detail in Unit 15. 


The accomplishments of QED are great, but the debt that it owes to Maxwell’s 
classical theory is unmistakable. Maxwell’s decision to embrace some of the ideas 
about fields advanced by Michael Faraday, and express them in a consistent mathe- 
matical language must be regarded as one of the turning points in the development 
of physics. It resulted in a beautiful theory of inestimable value. Richard P. Feynman, 
who played a major part in the development of QED, has described Maxwell’s 
contribution in the following words. 


‘From a long view of the history of mankind—seen from, say, ten thousand years from 
now—there can be little doubt that the most significant event of the 19th Century 
will be judged as Maxwell’s discovery of the laws of electrodynamics.’* 


As you can see, Feynman is in no doubt about the importance of the Maxwell 
equations. Whether or not his prediction about the attitude of future historians is 
correct is unimportant; the significant point about the quotation is that it shows the 
high esteem in which he holds the Maxwell equations. Feynman’s words serve to 
emphasize the fact that it is the Maxwell equations which are regarded by many as 
the core of electrodynamics. 


Electromagnetic radiation—the great unification 


‘Maxwell ... made one of the great unifications of physics. Before his time, there 
was light, and there was electricity and magnetism. The latter two had been unified 
by the experimental work of Faraday, Oersted and Ampère. Then, all of a sudden, 
light was no longer “something else”, but was only electricity and magnetism in a 
new form—little pieces of electric and magnetic fields which propagate through 
space on their own.’* 


* Quoted from volume II of The Feynman Lectures on Physics by R. P. Feynman, R. B. 
Leighton and M. Sands; Published by Addison Wesley. 


quantum mechanics 


quantum field theory 


quantum electrodynamics 
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It was James Clark Maxwell who showed that light is simply a manifestation of 
electric and magnetic fields. In doing so, Maxwell achieved one of the great unifi- 
cations of physics. The principles that led Maxwell to his discovery are, of course, 
present in the Maxwell equations. (In fact, you should already know those principles.) 
Remember the two complementary principles that are contained in the second and 
fourth equations: 


A changing magnetic field produces an electric field. 
A changing electric field produces a magnetic field. 


Combining these two statements suggests an exciting possibility; perhaps changing 
electric and magnetic fields can be arranged in such a way that they cooperate in 
some sense, each creating and sustaining the other. Perhaps a changing electric field 
can produce a changing magnetic field, which in turn can produce a changing electric 
field, which in turn ... etc., etc. Maxwell’s mathematical investigations persuaded 
him that this was indeed a possibility, though the self sustaining pattern of changing 
electric and magnetic fields would have to obey a number of constraints. One of those 
was that the pattern of fields would have to travel through space at a speed that was 
precisely determined by the Maxwell equations. Because the field pattern had to move 
away from its point of origin with a prescribed speed, it was said to radiate. What 
Maxwell had done was to predict the existence of electromagnetic radiation—a 
pattern of changing electric and magnetic fields with the ability to travel through a 
vacuum at a certain fixed speed. 


The speed of electromagnetic radiation in a vacuum is always denoted by the letter c. 
According to Maxwell’s theory the value of c is given by 


1 


vV Eo Ho 


ITQ 12 Use equation 40 to evaluate c, and confirm that the quantity on 


the right-hand side of the equation should be in units of ms™'. 


(a 


(40) 


Maxwell, using a rather different notation from that employed in this Unit, worked 
out his version of equation 40 while on his family’s Scottish estate, Glenlair. However, 
Maxwell was unable to evaluate c immediately because he did not happen to know 
the value of one of the constants. It was not until he returned to London, where he 
was professor of physics at King’s College, that he was able to consult a paper 
published several years earlier by Weber, in which the experimentally determined 
value of the missing constant was reported. When Maxwell substituted Weber’s 
result into his algebraic formula for c, the value that emerged was almost exactly the 
same as the known speed of light. If you compare your answer to ITQ 12 with the 
speed of light quoted on the back cover of the Unit, you should find that they are the 
same. As Maxwell wrote: 


‘This velocity is so nearly that of light, that it seems we have strong reason to conclude 
that light itself (including radiant heat, and other radiations if any) is an electro- 
magnetic disturbance ... propagated through an electromagnetic field according to 
electromagnetic laws.’ 


Maxwell’s theory had not only clarified the nature of light, it had also led to the 
prediction of a whole range of electromagnetic radiations, all of which would travel 
through a vacuum at speed c. Obviously a direct experimental confirmation of the 
theory was highly desirable. Indeed, final acceptance of Maxwell’s ideas had to wait 
on experimental verification. It was not until 1886, over twenty years after Maxwell’s 
monumental theoretical work had been published, and several years after Maxwell’s 
death, that the existence of electromagnetic radiation was convincingly demon- 
strated.* In a brilliant series of experiments, the German physicist Heinrich Hertz 
showed that rapidly varying electric currents could give rise to radiation, and further, 
that the radiation thus created had the same basic physical properties as light. 


It would be inappropriate to describe Hertz’s work in detail because much of it 


involves special properties of electromagnetic radiation that will not be introduced 


* In fact, the generation and detection of electromagnetic radiation was probably demon- 
strated by the British physicist D. E. Hughes in 1879, but a group representing the Royal 
Society were not convinced by his experiments, and his work was largely ignored. 
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electromagnetic radiation 


speed of electromagnetic radiation 


Hertz’s experiment 


10 


until Units 9 and 10. However, it is worth noting that one of the consequences of 
Maxwell’s theory is the prediction that charged particles that are accelerating or 
decelerating should be a source of electromagnetic radiation, and it was this principle 
that Hertz was able to use in his experiments. You will meet the idea of radiation 
from an accelerating charged particle again in Unit 13. 


Once the existence of a variety, or spectrum, of electromagnetic radiations had been 
established, it did not take long for those radiations to start finding applications. 
Within ten years of Hertz’s experiments, a young Italian innovator called Marconi 
was using electromagnetic radiation to send signals from his house to his garden. 
The technical developments attributed to Marconi and some of his contemporaries 
rapidly established wireless telegraphy as an important means of communication 
and paved the way for the modern world of transistor radios and communications 
satellites. 


Conclusion 


In view of the contents of Section 9, you may feel that there is no need for a conclusion. 
After all, Section 9 not only summarizes the Unit, it even attempts to provide a kind 
of summary of the whole Block. However, this is a good place to get things in per- 
spective, to get some idea of how much you know about electricity and magnetism 
and, just as importantly, how much you don’t know. Electromagnetism is a vast 
subject. It would be very easy to devote an entire course to electromagnetism, and, 
in fact, the Open University has done exactly that. It would even be quite possible to 
devote several courses to electromagnetism without much overlap occurring. Yet, 
in spite of the enormous variety of available material, Units 6, 7 and 8 have covered 
most of the fundamental concepts. You have been introduced to electric and magnetic 
fields, both static and non-static. You have seen how those fields can be produced 
and what effects they have, and you have also seen some of the many ways in which 
those fields can be used in both scientific and technical applications. 


Among the topics omitted from this Course are many of the increasingly important 
applications of electromagnetism in electronics and telecommunications. Also 
omitted are the beautiful relationships between mathematics and electromagnetism. 
You have been presented with the bare bones of electromagnetism; the pleasures of 
the flesh still await you! 


A list of topics left out of this particular Unit should also include the detailed study 
of light and electromagnetic radiation. We have done little more than mention its 
existence so far. However, this will not remain the case for long. Units 9 and 10 will, 
among other things, answer some of the following questions: 

What other properties does electromagnetic radiation have, apart from a well 
determined speed? 


What are those electromagnetic radiations that are not identified as either light, 
radiant heat or radio waves? 


How are such radiations distinguished from light itself? 


Objectives 


Now that you have completed this Unit, you should be able to: 


1 Explain the concept of a magnetic field, and define the magnetic field at a point 
in terms of the magnetic force on a moving charged particle. (SAQs 1-3; ITQs 1, 2) 


2 Sketch the pattern of field lines representing the magnetic fields of a monopole 
and a bar magnet. 


3 Explain the distinction between north and south magnetic poles. (SAQ 4) 


4 Describe both the magnitude and the direction of the magnetic field due to a long 
straight current, and apply the formulae describing the magnetic fields due to various 
other current configurations. (SAQs 5-9; ITQs 3, 4) 


5 Write down a formula for the magnetic force on a long straight current-carrying 


conductor in a uniform magnetic field, and use it to solve simple problems. (SAQs 10, 
11; ITQ6) 
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6 Derive and use a formula for the force on a given length of a long, straight 
current-carrying conductor that is laid parallel to a similar current-carrying con- 


ductor in a vacuum. (SAQ 12) 


7 Explain how the forces on current-carrying conductors are used to define electro- 
magnetic units, and how they also explain the operation of meters and motors. 


(SAQ 14) 


8 Write down the Lorentz force rule and explain its significance. (SAQs 2, 3, 20; 


ITQs 2, 5,7, 8) 


9 Describe the motion of particles in uniform electric and magnetic fields, and be 
able to carry out simple calculations involving such motion. (SAQs 16-18; ITQs 7, 8) 


10 Write down a formula for the radius of the helical trajectory of a charged particle 


moving in a uniform magnetic field. (SAQs 17, 19, 21, 22) 


11 Explain the terms magnetic mirror and transverse drift. (SAQs 19, 20) 


12 Describe the main features of the motion of charged particles in the Earth’s 


magnetic field. (SAQs 19-22) 


13 Describe some of the methods, aims and problems of the thermonuclear fusion 


programme. (SAQs 23, 24; related to TV8) 


14 Explain the terms motional induction and induction by a changing field. 


(SAQ 25; ITQs 9, 10) 


15 Define the magnetic flux through a circuit, and calculate it in various simple 
situations involving uniform magnetic fields. (SAQs 26, 27; ITQ 11) 


16 Quote Faraday’s law and Lenz’s law, and apply them to simple situations. 


(SAQs 28-32, 34) 


17 Describe two applications of induced currents. (SAQs 33, 34) 


18 Summarize in words the content of the four Maxwell equations. 


19 Explain what is meant by the statement ‘light is a propagating electromagnetic 


disturbance’. (ITQ 12) 


ITQ answers and comments 


ITQ 1 See Figure 83. 


B(x,y,Z) 


XYZ 


Figure 83 The direction of the magnetic field B(x,y,z) at the point 
(x,y,z). The vectors v and F, are perpendicular. The field B(x,y,z) is 
perpendicular to Fn, and at an angle @ to v. 


ITQ 2 Point your straightened fingers in the direction of the 
vector v in Figure 83. Then, turn your wrist until you find that by 
bending your fingers you can align them with the vector B(x,y,z). 
With your hand in this rather uncomfortable position, you should 
find that your extended thumb points in the direction of the force 
re 
ITQ 3 See Figure 84. Check the direction of the field lines by the 
right-hand method. Note the similarity between the field of the 
solenoid and that of the bar magnet shown in Figure 8. 
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current out 
of the page 


current into 
the page 


Figure 84 The magnetic field of a cylindrical solenoid. Note that 
the field is nearly uniform at the centre of the solenoid. 


ITQ 4 See Figure 85. Check the direction of the field lines by the 
right-hand method. 


ITQ 5 The charge on an electron is —e. Thus, it follows from 
equation 5 that F,, = —ev x B. 


ITQ 6 Asan example of two opposed parallel currents, suppose 
that the current i, in Figure 31 is reversed. The magnetic field 
acting on the new i, is still that shown in Figure 31, so all you have 
to do is to use the right-hand rule to show that l, x B,(d) points 
away from wire 2, where I, now points in the opposite direction 
to the direction of current flow shown in Figure 31. 


section through 
windings of the solenoid 
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Figure 85 The magnetic field within a toroidal solenoid. Note that 
the field is weaker at the outer edge of the solenoid. 


ITQ 7 The particle is subject to a force given by the Lorentz 
force rule, equation 24, with &(r) = 0 and B(r) = B 


Le. F = qo x B 


It follows from Newton’s second law that the acceleration acting 
on the particle is (q/m)v x B, which is perpendicular to both v 
and B, as given by the right-hand rule. Figure 86 shows what your 
answer should look like. 


x x x x x x x x 
x x x x x x x x 
v, 
x x x x x x x x 
q 
x x x x x x x x 


acceleration 
x x x x x x x x 


Figure 86 The acceleration ofa positively charged particle moving 
at right angles to a uniform magnetic field directed into the page. 


SAO answers and comments 
SAQ 1 From equation 2; B = F,,/qv. 
For a proton q = e = 1.6 x 10° '°C. 


8.0 x 10712 N 
- 16x 10°C x 25 x Olms 


Thus B wb 


SAQ 2 (a) ‘Perpendicular to the plane of the page and out of the 
paper’ is given as the answer. This can easily be checked by using 
the right-hand rule shown in Figure 5. (b) To rotate your palm 
from v to B in this case, if you want to avoid great physical dis- 
comfort, you must point your thumb into the page. So the answer 
is: ‘perpendicular to the plane of the page and inwards’. (c)v x B 
is into the page again, but this time q is negative, so F,, is perpen- 
dicular to the plane of the page and outwards. (d)v = 0 means that 
v = 0, so Fm = 0 and there is no force. (e) v x B is in the plane 
of the page and points to the right. However, q is negative so Fp 
points to the left. (f) Fm is in the plane of the page and points to 
the left. 
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ITQ 8 Ifthe sign of q is changed, the direction of the acceleration 
is reversed. As a result the particle will move to the right of v. Figure 
87 shows what your answer should look like. 


x x x x 
x x x x 
x x x x 
circular 
orbit 
x x x x x x x x 


Figure 87 The motion of a negatively charged particle moving at 
right angles to a uniform magnetic field directed into the page. You 
should have added the upper circle to Figure 43. 


ITQ 9 The current flows from D to C. Remember that by 
convention, the direction of an electric current is the direction in 
which positively charged particles would move. If there were any 
free positive charges in the wire CD, they would move in the direc- 
tion of the force F = qv x B. You can use the right-hand rule to 
check that this direction is from D to C. 


ITQ 10 The current stops flowing because of the resistance of 
the wire. Once the magnetic field has stopped changing, there is 
no longer an electric field to set stationary particles into motion. So 
if electrical resistance, which impedes the flow of current, manages 
to halt charge carriers they will remain at rest. Given sufficiently 
long, electrical resistance completely stops the current. 


ITQ 11 The flux through KLMN is given by Økımn = BA cos 0. 
This attains its maximum value when cos @ = 1, and this corresponds 
to 0 = 0°. In other words, the flux through the circuit is maximized 
by placing the circuit at right angles to the magnetic field, so 


that the normal to the circuit is parallel (9 = 0°) to the magnetic 
field. 


ITQ 12 c=1/\/eo uo = (8.854 x 10°? x 4n x 1077)" 2 ms“! 
= (1.113 x 10715)" "2 ms~! = 2.998 x 108 ms! 


SAQ 3 (a) Using equation 6: Fm =2C x 10*ms ! x 2T x 
sin 30° = 2 x 10*N. (b) In forming cross products, the angle @ 
is always taken to be less than 180°. So the angle between v and B 
is 60° (= 360° — 300°), and using equation 6 again gives F,, = 
10C x 4ms™t x 7T x sin 60° =243N. (c) F,=1.6 x 10-?°N. 
Note that in all cases Fm is positive, as the magnitude of a vector 
must be. It is the necessity of obtaining a positive value for Fm 
that prevents us from using equation 3 when q is negative and 
forces us to use equation 6 instead. 


SAQ 4 Because the magnetic field lines point away from the 
pole on the left in Figure 6, it must be a north magnetic pole. 


SAQ 5 At point a, the magnitude of the field is, according to 
equation 7, 


4x x 10-7 x 12 


aaa: 
2n x 2 


B 
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Using the method shown in Figure 15, you should find that the 
field points into the page. At point b, the field strength is B = 
4.8 x 1077 T and the field points out of the page. At point c, the 
field strength is B = 1.2 x 10° T and the field points out of the 
page. 


SAQ 6 Because the proton is moving at right angles to the 
magnetic field in this case, equation 6 shows that Fm = qvB. So 
using equation 7 
_ Wot 
2nr ~ 
Rearranging this and substituting the appropriate values gives 


; 6.4 x 10°17 x 2n x 0.1 
I= 16 x 10-2 x2 x 10’ x 4n x 10-7 


amps = 10A 


SAQ 7 The field at the centre of the solenoid, due to the solenoid 
alone, is parallel to the axis, and of magnitude (given by equation 9) 


Ben =HoNi/L = 4m x 1077 x 10°T = 13 x 10-3 T. 


At the same point, the magnitude of the field of the circular loop 
is given by equation 8 as 


Biop = Hoi/2R = 4n x 1077 x 700/(2 x 107')T = 4.4 x (Sse 


In case (a), the magnetic fields of the loop and the solenoid point in 
the same direction and the resulting field is of magnitude B,,., + 
B. = 5.7 x 107°? T. In case (b), the two fields are opposed and the 
resultant has magnitude Biop — Bsoi = 3.1 x 107° T. (Note that 
we use B,,., — Bsoi to ensure that the magnitude of the resultant is 
positive, as it must always be.) Using the right-hand method, 
you can see from Figure 25 that in case (a), the field points to the 
right. In case (b), the total magnetic field points to the left. 


SAQ 8 Inside an infinitely long cylindrical solenoid, the field 
strength is uniform. So the strength at a point midway between the 
axis and the winding is exactly the same as the field strength at any 
other point inside the solenoid. It is given by equation 9 as 


Ho Ni 


B= = 4n x 1077 x 500 x 4T = 2.51 x 10°3T 


SAQ 9 At any point on the imaginary cylinder of radius 0.05 m, 
the magnetic field is the vector sum of two contributions—one from 
the solenoid, and another from the straight wire. 


The contribution from the solenoid alone is parallel to the axis 
of the cylinder, and according to SAQ 8, has magnitude B.o = 
2.51 x 1073 T. The contribution from the straight wire is tangential 
to the imaginary cylinder and at right angles to the axis of the 
cylinder. According to equation 7, the magnitude of this second 
contribution is 

Hoi 4m x 1077 x 2m x 10? 


Baie = = 


2r 2n x 0.05 


Peis 10=~ I. 


imaginary cylindrical surface 
of radius 0.05 m 
part of infinite solenoid 


infinite straight wire of radius 0.1 m 


two of the helical field lines 
at 45° to the axis 


Figure 88 The direction in which the field lines point will depend 
on the sense in which the current flows through the solenoid and 
along the wire. Whatever the sense of the field lines, they will always 
be directed at 45° to the axis of the solenoid. 
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So the magnitudes of the two fields are the same. The result of 
combining these two contributions is shown in Figure 88. The 
magnetic field at any point on the cylinder is tangential to the 
cylinder and inclined at an angle of 45° to the axis of the cylinder. 
Because this is true at every point on the cylinder, the field lines 
form a set of evenly spaced spirals, which should more properly 
be called helices. You will see a model of this field in TV8. 


SAQ 10 (a) By using the right-hand rule you can show, from 
equation 17, that the force on the wire is directed into the plane of 
the page (Lis parallel to the direction of current flow). The magnitude 
of F is also obtained from equation 17. Remember that the vector 
product in equation 17 means that F = ilB sin 0. 


In case (a), 0 = 90°, so F=10 x 1 x 1 x 1N =10N. In case 
(b), 0 = 60°, so F = 10 x 1 x 107? x 0.866 N = 8.66 x 10°7N, 
and the force is directed out of the plane of the page. In case (c), 
0 = 180°, so there is no force because sin 180° = 0. 


SAQ 11 From equation 17, it can be seen that there is no force on 
segments AB and CD; they are just like case (c) in SAQ 10. It 
also follows from equation 17 that the force on segment BC is 
of magnitude Fyc = 2 x 0.4 x 0.5 x sin 90° N = 0.4 N. The force 
on segment AD has the same magnitude as that on BC. Because the 
loop is pivoted, the only thing that can happen when the loop is 
released is that it rotates about the vertical axis. The question is, 
does it, and if so in which sense? To answer this, you only have to 
investigate the directions of the forces on BC and AD. The force on 
AD points out of the plane of the page, while the force on BC 
points into the page. These two forces exert a torque that tends to 
make the loop rotate. Viewed from above, the loop would start 
to rotate in an anticlockwise direction. 


SAQ 12 Since the currents in all three strands are in the same 
direction, each strand feels forces of attraction towards the other 
two. The total force acting on strand A is the vector sum of two 
other forces, one towards strand B, and the other towards strand 
C. The force per unit length on A, due to B, has a magnitude (given 
by equation 21) 

Ho x 10% 10° 


N=10N 
2n x 2x 10°? 


Fas 


A force of identical magnitude attracts A towards C. To work 
out the resultant force on A, these two forces must be combined. 
Figure 89 shows the process of combining the two vectors. The 
horizontal components cancel out, so all that remains is a force 
per unit length of magnitude F = 2F 4g COS 30° = 17.3 N directed 
towards the centre of the triangle ABC. 


horizontal horizontal 
component component 
A of Fac of Fag 
Fyc F, AB 
= = sum of 
vertical 
components 
s of FAB 
force force ; 3 and Fy 
towards towards vertical vertical 


G B component component 


of Fac of FAB 


Figure 89 Adding together the two forces that act on strand A. 


SAQ 13 The solenoids both produce magnetic fields similar 
to those of bar magnets. By consulting the solution of ITQ 3, or by 
using your right hand to work out the direction of the magnetic 
field produced by the current in each solenoid, you should be able 
to see that the adjacent ends of the two solenoids both act like 
south magnetic poles. Thus, if you held solenoid 2 close to solenoid 
1 you would feel a repulsive force. If the currents in both solenoids 
were reversed the adjacent ends would act like north magnetic 
poles. So there would still be a repulsive force, and you would not 
feel any difference. 


SAQ 14 The torque causing rotation attains its maximum value 
when the magnetic field is aligned with the plane of the coil. The 
value of the maximum magnitude can be worked out from equation 
23, thanks to the similarities between the motor and the ammeter. 
Thus, 


Caa = BilNw = 0.5 x 4 x 0.1 x 50x 0.1 Nm=1Nm 


SAQ 15 B(x,y,z) and B(r) are entirely equivalent; there is no 
difference between them. They are simply mathematical expressions 
meaning ‘the magnetic field at the point (x,y,z). Do not make the 
mistake of thinking that x, y and z are the components of the field, 
they are not; x, y and z are just the position coordinates of the point 
at which the field is being evaluated. Similarly r has nothing to 
do with the direction of the field; it is just another way of writing 
(x,y,Z). 

B(x,y,z) and B(r) both mean the same. They are equivalent ways of 
writing ‘the magnitude of the magnetic field at the point (x,y,z). 
Being scalars, they are quite different from the vector quantity 
B(r), though they are related to it. 


B(x,y.z) = B(r) = | B(x,y,z)| = |B) | 


SAQ 16 (a) The time spent travelling from A to B is simply 


0.5 


EENE 
5 x 107 


(b) Using vjs = vja + (g&/m)t, we get 
160 x 10 85 107 10>" 
Vip =O+ = - ms 
9.11 x 10 


= 5.0 x 10’ms_! 


=i 


(c) By Pythagoras’s theorem, v = (v7 + v4)? 

ie. p- Qx 10? posxo 7A X10’ ms: 

(d) The angle of deflection is simply the angle between v and v] at 
B. Since v) = v,, you can see from the triangular relationship 
between v, vj and v, that the angle must be 45° (Figure 90). 


Figure 90 The triangular relationship 
v, between v, vj and v,. 


(e) Negatively charged particles are also deflected by 45°, but 
because of their sign they emerge below the dashed horizontal 
line, heading downwards. 


SAQ 17 (a) From equation 31, 


mor Oli OS a1 38-102 
|q|B 1.60 x 10°!? x 1.00 


7.86 x 10° >m 


(b) Since the radius of the orbit is 7.86 x 10~> m, its circumference 
must be 2x x 7.86 x 1075m. The speed at which the particle 
moves around the circle is a constant, 1.38 x 10’ms_!. Dividing 
the distance travelled during one orbit by the speed shows that the 
time taken to complete the orbit is 


2% 1:86 10=> 
£3852 102 


sE 3 58> Oe es 


SAQ 18 Because the velocity is initially (and in fact at all times) 
at 45° to the magnetic field, you can see from the triangle law for 
adding vectors that v, = vı (Figure 90). This makes it a simple 
matter to work out the value of v, by using Pythagoras’s theorem: 


v? = vj + vi = 2v7 in this case. 
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1 
J/2 


So y= v= 138 x 10” ms™! (=v) 

By using v,, the time taken for the electron to make a complete 
‘twist can be worked out, but that has already been done for 
just this value of v, in SAQ 17. The time taken is T = 3.58 x 107 !' s. 
During this time, the distance through which the particle descends 
parallel to the field is d = v T = 1.38 x 107 x 3.58 x 1071! m = 
4.94 x 1074m. 


SAQ 19 The radius of a circular orbit in a uniform magnetic 
field is given by R = mv,/(|q|B). In the case of Figure 57, the 
quantities m, q and B are all fixed, so variations in the value of R 
come from changes in v, . The cause of the variation of R is that as the 
particle fights its way upwards, against the force of gravity, it is 
slowed down. This reduction in speed means a reduction in the 
value of v, towards the top of the trajectory. Thus, since R is 
proportional to v,, the radius at the top of the trajectory is less 
than the radius at the bottom. 


SAQ 20 No. The total force acting on the particle when it 
moves through the combined magnetic and gravitational field is 
F = m.g — ev x B. When the gravitational field is replaced by 
an electric field, only the Lorentz force acts on the particle but 
that force has the value 


F = (—e)(& + v x B) = (—e)(—m,.g/e + v x B) 


So F = m.g — ev x B, as before. Since the force is unchanged, 
the replacement has no effect on the motion of the particle. 


SAQ 21 To make an estimate of the field strength, treat the 
twist as a circle and relate the radius to the field strength by means 
of equation 35, R = mv,/qB(r). If œ is the magnitude of the angular 
velocity around the magnetic field line, then we can write v) = Ro. 
From these two formulae it follows that B(r) = mw/q. Since the 
proton takes 4 x 107° seconds to complete each twist, i.e. to cover 
2r radians, the value of œ is 


2m T 
=———— s l=- x 103s"! 
Oo 4x 10-3 2 
Substituting this value for œ, together with m = m, and q =e, 
gives 
167-1057" yn x102 


Bir) tesla 
2 x 1.60 x 10°! 


1.64 x 10 5T 


This is only a rough estimate, so we should conclude that the 
strength of the field at an altitude of 2000 km is about 10° T. 


SAQ 22 (a) Using $m, v7 = 1 MeV = 1.60 x 107° J we find that 


2 x 1.60 x 10°13 
; 1.67 x 10-2" 


1/2 
) ms! = 1.38 x 107ms~™" 


(b) Ra ite” VG e102? ef 38 oe 104 
eB(r) 1.60 x 10°! x 1.64 x 107 


= 8.8 x 107m 


3 metres 


SAQ 23 (a) The main problem standing in the way of the success- 
ful development of linear magnetic bottles is that of end losses. 
Some particles always manage to escape through the magnetic 
mirrors at the ends of the bottle. One way to overcome this problem 
is to get rid of the ends, this can be done by using a toroidal system. 
Research is also continuing into better (i.e. less leaky) magnetic 
mirrors for linear machines. 


(b) Within a simple toroidal solenoid, the magnetic field is non- 
uniform, so transverse drifts of the kind described in Section 5.5 
occur. Eventually, the plasma would hit the walls of the toroidal 
chamber. In a figure-of-eight stellarator, the particles that are 
on the inside of the bend at one end travel round the outside of 
the bend at the other end, with the result that the transverse drifts 
cancel. 


An alternative type of stellarator that was shown in the TV pro- 
gramme uses external windings to produce a helical magnetic 
field (Figure 2 in the Television Notes for TV8). The particles 
spiral around the field lines, again spending part of the time near 
the inside of the torus and part near the outside, so that the drift 
again cancels. 


SAQ 24 The field strength produced by a toroidal solenoid is 
given by 


(eq. 10) 
For the tokamak that we are considering, N = 32 x 24, i = 50000 A, 
and we require the field at r = 3 m. Thus 


4r x 10°7 x 32 x 24x 5 x 10*T 
2n x 3 


B 2.6 T 


Figure 3a in TV8 Notes shows the form of the field lines. 


We can make a rough estimate of the field strength due to the 
current in the plasma by using the expression for the field due to 
a straight wire: 


Hoi 
BQ = — Br 
== (eq.7) 


where r is the distance from the wire (0.5 m). Thus 


Seas Seely 
2n x 0.5 


B 


V2 


Figure 3b in TV8 Notes shows the form of these field lines. The 
total field is the vector sum of the two field components, and it will 
be a helical field (Figure 3c in TV8 Notes) with strength 


a e AE Tt =29T 
The direction of the field is at an angle 6 to the toroidal field, where 


1.2 
tan? = —, ie. — 


This calculation is rather simplified and idealized, but it should 
have helped your understanding of the fields produced bya tokamak. 
You may find it helpful to compare this SAQ with SAQ 9, which 
dealt with a similar problem involving a cylindrical solenoid. 


SAQ 25 There is no induced current while the whole of the loop 
is moving through the uniform field. The field tends to produce a 
current in each of the two parts of the loop that are perpendicular 
to both the magnetic field and the velocity. However the two 
currents that the field tries to establish are of equal magnitude and 
would flow in opposite directions, so there is no overall tendency 
for a current to flow around the loop. 


If only part of the loop had been moved through the field, or if 
the field was not uniform, then a current might have been induced. 


SAQ 26 All of the results are obtained by using equation 37. 


(a) B = 0.4T; A =0.1 x 0.1 m? = 0.01 m?; 8 = 0°. Remember 0 
is the angle between the field and the normal to the circuit. In this 
Case, equation 37 implies ® = 0.4 x 0.01 x 1 Wb = 4 x 1073 Wb. 


(b) B = 10°°T; A=10°-*m?; 6 = 0° 6=10-5 x 1073 x 
1 Wb = 10-8 Wb. 


(c) B=05T; A=4m?; 6=30° p 
1.73 Wb. 


0.5 x 4 x 0.866 Wb = 


(d) This is the same as (c), so ® = 1.73 Wb. 


SAQ 27 The area of the circle is x x (0.1)? m?, the field strength 
is B = 0.5 T, and the angle between the field and the normal to the 
loop at time t is œt. It follows from equation 37 that the flux through 
the circuit at time t is © = n x (0.1)? x 0.5 x coswt Wb. But 
@ = | radian per second, so ® = 1.57 x 107? cos t Wb. The graph 
is shown in Figure 91. 
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Figure 91 Graph of & against t for the circuit discussed in SAQ 27. 


SAQ 28 (a) By drawing the tangent to the graph at each of the 
points in question, and measuring the gradient of each tangent 
line you should find the following values: 

d® d@ 

= =2 Wbs- h- 

dt t=1s dt t=2s 
(This result can also be proved by calculus methods: 


dd d(3.0+ 1?) _ 


=7Wbs_?. 


t=3,5s 


do 
= 4 Wbs = 


2t. 
dt dt 
? 1 dë 
It follows from Faraday’s law that i(t) = cere 
> t 


So, i(1 s) = 0.167 A; i(2 s) = 0.333 A; i(3.5 s) = 0.583 A. 

(b) The resulting graph is the straight line shown in Figure 92. 
A 
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Figure 92 Graph of i against t for the case discussed in SAQ 28. 


SAQ 29 To work out the induced current, you need to know 
the gradient of the graph given in Figure 91 at various points. 
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Figure 93 Graph of i against t corresponding to the © against t 
graph given in Figure 91. 


You can do this graphically by drawing tangents as in SAQ 28, 
or you may happen to know the calculus result d@/dt = —1.57 x 
107? wsin wt. Whichever method you use to work out the gradients, 
you should apply Faraday’s law, i = (1/R)d®/dt, with R = 10Q, 
to obtain the graph shown in Figure 93. (Note that an effect known 
as self-induction has been ignored in this SAQ.) 


SAQ 30 Since the magnetic field is uniform and constant, any 
change in the magnetic flux through the circuit must be due to a 
change in the area of the circuit. To work out the rate of change of 
the flux, think about what happens to the area of the circuit during 
a time At. The moving rod will travel through a distance vAt, 
so the area of the circuit will increase by an amount /vAt. This 
means that the increase in the flux during the time At is BlvAt, so 
the rate of increase of the flux is 


dë BlvAt 
— = = Blv 
dt At 


It follows from Faraday’s law that the magnitude of the induced 
current is 


a dë = Blv 
ERER 
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SAQ 31 The current must flow in the clockwise direction in 
circuit 2. If you got the wrong answer, listen to the audiocassette. 


SAQ 32 The current in the coil must produce a magnetic field 
that opposes the descent of the magnet. So, the upper end of the 
coil must act as a north magnetic pole. For this to be the case, the 
electric current must be flowing anticlockwise in the coil. 


SAQ 33 By using a coil rather than a loop, the flux through the 
whole circuit is increased in proportion to the number of turns. 
Thus the change in flux during each revolution is increased and so 
is the magnitude of the induced current. 


SAQ 34 Therotating coil represents a current-carrying conductor 
moving in a magnetic field. From Section 4 of this Unit, you should 
know that such a conductor is subject to a force. Lenz’s law implies 
that this force always opposes the rotation of the coil. (This can 
also be seen by using the Lorentz force rule.) 
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